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Abstract
The role of posterior parietal cortex in episodic memory retrieval: transcranial Direct Current
Stimulation studies (tDCS)
by
Denise Pergolizzi
Advisor: Elizabeth F. Chua, Ph.D.
Neuroimaging studies of recognition memory have shown that greater activity in the
lateral posterior parietal cortex (PPC) correlates with successful recognition in a variety of
paradigms, but experimental techniques that manipulate brain activity are necessary to determine
the specific contribution of the PPC in episodic memory retrieval. Transcranial Direct Current
Stimulation (tDCS) is a non-invasive technique that can be used to manipulate cortical
excitability. The collection of experiments that comprise this dissertation use tDCS to
determine: 1) whether or not the lateral PPC is causally involved in episodic retrieval, and 2)
whether the lateral PPC has a direct role in memory accuracy for studied information or an
indirect role that can influence retrieval judgments during episodic memory retrieval. We
applied tDCS during three memory paradigms that have shown correlated activity in the parietal
cortex. Experiments in Chapter 1 used a “false memory” paradigm to test whether the parietal
cortex contributes to the “perceived oldness” of a memory and showed increased false
recognition with tDCS over the PPC compared to sham tDCS. The experiment in Chapter 2
tested whether the parietal cortex is involved in item and source accuracy and showed decreased
false recognition with tDCS over the parietal cortex compared to sham tDCS. To resolve these
discrepant findings, the experiment in Chapter 3 tested whether the parietal cortex is important
for integration of contextual cues and mnemonic information. Results showed greater utilization
of cues predicting memoranda as “new” with tDCS over the parietal cortex compared to sham
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tDCS. Overall, manipulating activity in the parietal cortex with tDCS led to alterations in
memory retrieval responses compared to sham stimulation. Collectively, our results causally
link the PPC to aspects of memory retrieval, and are consistent with the idea that the parietal
cortex indirectly influences retrieval judgments, particularly for “new” items.
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Pergolizzi, Denise
General Introduction

The lateral posterior parietal cortex (PPC) has recently become a major focus of memory
research because neuroimaging studies have shown greater PPC activity when accurately
recognizing studied items as “old”, termed hits, compared to accurately recognizing unstudied
items as “new”, termed correct rejections (Donaldson, Petersen, Ollinger, & Buckner, 2001;
Henson, Rugg, Shallice, Josephs, & Dolan, 1999; Henson, Hornberger, & Rugg, 2005; Konishi,
Wheeler, Donaldson, & Buckner, 2000). This “old/new” effect is robust; a meta-analysis
revealed that 95% of neuroimaging studies investigating retrieval reported activity in the PPC,
compared to only 35% reporting activity in the medial temporal lobe (Simons & Mayes, 2008).
Although retrieval related activity in the PPC is consistently observed, interpretation is tempered
by a weakness: fMRI is correlational. Experimentally manipulating activity in the PPC would
strengthen and inform our understanding about the role of the PPC in retrieval. Non-invasive
brain stimulation, such as transcranial Direct Current Stimulation (tDCS) (Nitsche et al., 2008;
Priori, 2003; Stagg & Nitsche, 2011), can be used to directly manipulate brain activity. The
experiments presented in this dissertation used tDCS to address whether the PPC has a causal
role in memory retrieval and to elucidate the nature of that role.
Factors that modulate PPC activity at retrieval
A general aim of the fMRI literature examining the PPC in memory has been to better
understand what aspects of recognition underlie the old/new effect (Dobbins et al., 2003;
Donaldson et al., 2010; Hayes, Buchler, Stokes, Kragel, & Cabeza, 2011; Kahn et al., 2004;
O’Connor, Han, & Dobbins, 2010; Vilberg & Rugg, 2007, 2009a, 2009b; Wheeler & Buckner,
2003). Old/new differences do not specify what aspects of old information (e.g. history, specific
details, relevancy) modulate activity in the PPC. Reviewed below are studies that implicate the
PPC in the amount of mnemonic information retrieved, subjective aspects of memory, or
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attentional processes as accounting for the old/new effect. Theories that could explain the
mechanisms underlying these findings are then discussed.
Amount of information retrieved. Several studies suggest that PPC activity is related to
the amount of episodic information retrieved (Vilberg & Rugg, 2007, 2009a, 2009b). This is
primarily supported by studies examining the brain based on the “dual process” model of
memory, namely that separate systems subserve recollection versus familiarity (Jacoby, 1991;
Mandler, 1980; Yonelinas, Dobbins, Szymanski, Dhaliwal, & King, 1996). According to this
model, recognition can be achieved through recollection, the controlled recovery of specific
contextual details from memory, or familiarity, the automatic acontextual perceived strength of a
previous encounter (Jacoby, 1991). One method of assessing recollection versus familiarity is
the remember/know procedure (Tulving, 1985) where subjects are instructed to state if they
“remember” an item based on recollection of specific details from study, or “know” an item
based on a sense of familiarity. FMRI studies have observed increased PPC activity for items
endorsed with remember responses compared to know responses (Montaldi, Spencer, Roberts, &
Mayes, 2006; Vilberg & Rugg, 2007, 2009a, 2009b; Yonelinas, Otten, Shaw, & Rugg, 2005; for
a review see Vilberg & Rugg, 2008), suggesting the parietal cortex supports recollection.
Arguably, remember/know judgments are subjective and may not actually elicit
differences in the amount of information retrieved, but may reflect strong versus weak
confidence (Dunn, 2004). Other studies have more carefully controlled for subjective aspects of
recognition judgments to probe the amount of information retrieved (Guerin & Miller, 2011;
Vilberg & Rugg, 2007, 2009a, 2009b). Vilberg & Rugg (2007, 2009a, 2009b) used a modified
remember/know paradigm by adding two types of “remember” judgments; “R2” judgments for
items fully recollected and “R1” if only some information was available to them. Therefore, R2
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judgments were associated with more information than R1 judgments, but both subjectively
required recollection. In this way the researchers were able compare brain activity accompanied
with different amounts of information retrieved. Results showed greater activity in the PPC for
R2 than R1 judgments consistent with the proposal that the amount of information retrieved
modulated parietal activity. Consistent with the notion that recollection-related parietal activity is
related to the amount of information retrieved, another study used a frequency discrimination
task where subjects judged which among a pair of items had been studied more frequently
(Guerin & Miller, 2011). Subjects studied items with low frequency (1 or 2 times) or high
frequency (5 or 6 times) and then judged which item was presented more often between a pair of
low frequency items, one low and one high frequency pair, and a pair of high frequency items
during test. The logic was that subjects would have greater confidence in their judgment on
trials comparing low and high frequency pairs because the discrepancy was so large. If parietal
activity reflected decision certainty, these low/high pair trials would yield greater activity than
the other trials where the frequency discrepancy was smaller. In contrast, if parietal activity
reflected the amount of mnemonic information, trials comparing high frequency pairs would be
greater than other trials, regardless of decision certainty. Indeed, high frequency pairs yielded
greater parietal activity than low and high pairs, which in turn showed greater activity than low
frequency pairs. The distinction between judgments in these studies implies that as the amount
of details retrieved increases so does lateral parietal activity, even when the subjective judgment
is held constant.
Another method for examining recollection is to objectively measure the recovery of a
specific details from memory, termed source memory. PPC activity was greater for accurate
source memory compared to inaccurate source memory (Kahn, et al. 2004; Dobbins, et al., 2003)
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and item recognition (Donaldson et al., 2010; Hutchinson et al., 2012) consistent with the idea
that PPC activity tracks the amount of details retrieved.
Subjective memory. Research shows that PPC activity may not track accurate retrieval,
and instead tracks perceived accuracy. The parietal old/new effect is based on comparisons of
hits vs. correct rejections, which holds accuracy constant. However, if activity in the PPC tracks
old information, one would expect a parallel effect for incorrect responses, and that PPC activity
would be greater for misses (items previously encountered but subsequently forgotten) compared
to false alarms (new items that were incorrectly endorsed as old). Instead, research has shown
greater activity in the PPC for hits and false alarms compared misses and correct rejections
(Kahn et al., 2004; Wheeler & Buckner, 2003). In other words, the perceived oldness of an item
is related to increased parietal activity compared to items perceived as new, not the history of an
item as old or new. Related to this, another study showed greater PPC activity for high confident
false recognition compared to low confident true recognition (Kim & Cabeza, 2007). Similarly,
studies have identified greater activation in the lateral PPC related to subjective confidence for
item and source memory (Hayes et al., 2011), for old and new judgments (Moritz, Gläscher,
Sommer, Büchel, & Braus, 2006), and regardless of accuracy or response type (Chua, Schacter,
Rand-Giovannetti, & Sperling, 2006; Chua, Schacter, & Sperling, 2009; Hayes et al., 2011; Kim
& Cabeza, 2007). Together, these findings suggest the PPC contributes to subjective aspects of
retrieval that contribute to false recognition and/or confidence in our memories
Attentional processes. An alternative hypothesis is that the role of the PPC in retrieval is
based on its known role in attention. Recognition memory requires the selection of relevant
stimuli, in the form of target memories, from irrelevant stimuli, in the form of unstudied foils
presented at test, which is reminiscent of the process of selective attention (Cabeza, Ciaramelli,
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Olson, & Moscovitch, 2008). This is important because fMRI studies have repeatedly shown
that activity in the PPC correlated with the orienting of attention to cues relative to targets and
detection of valid targets relative to invalid targets (for a review see Corbetta & Shulman, 2002).
For example, in a Posner-cueing paradigm (Posner & Petersen, 1990), PPC activity is increased
when presented with a predictive cue that elicits the orienting and maintenance of attention on
the location of a target compared to when the responding to the target itself (Corbetta, Kincade,
Ollinger, McAvoy, & Shulman, 2000).
Researchers have consequently adapted the Posner cueing paradigm for use in memory in
order to examine the effects of interactions between attention and memory on parietal activity
(Ciaramelli et al., 2010; O’Connor et al., 2010). In one study (Ciaramelli, et al., 2010), subjects
learned word pairs at study, and at test were cued with a studied word, unstudied word, or
meaningless stimulus prior to the presentation of a retrieval probe, and that probe was then
judged as old or new. Having a studied word as a cue served to elicit attention to memory by
facilitating attentional search for the originally studied paired associate compared to other cues
(cf. Dobbins, Jaeger, Studer, & Simons, 2012). In turn, this facilitated accurate recognition
compared to trials in which other types of cues were presented. Furthermore, there was greater
activity in the parietal cortex for trials in which a studied word was used as a cue compared to
presenting other types of stimuli as cues. This suggests that activity in the PPC relates to top
down attentional search (i.e., the controlled direction of attention based on goals) in the service
of memory retrieval. It has been noted, however, that seeing a studied word as a cue may have
simply been easier to recognize because it matched the retrieval probe, and instead differences in
difficulty could be responsible for parietal activation (Dobbins, et al. 2012).
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In an alternative approach to a memory adaptation of the Posner cueing paradigm
(O’Connor, et al. 2010), subjects were cued at test with the words “Likely Old”, “Likely New”,
or a neutral stimulus prior to the presentation of a retrieval probe that was to be judged as old or
new. Parietal activity was increased when “Likely Old” and “Likely New” cues were invalid, and
thus did not correctly predict the probe as old or new, compared to valid trials regardless of
whether the probe was old or new. In other words, both old and new items modulated parietal
activity as long as their presence did not match the cue, consonant with the alternative process
thought to underlie the former study (Ciaramelli, et al., 2010). This has been taken to suggest that
parietal activity was elicited when retrieval probes required an attentional shift from an expected
direction (e.g. toward oldness during Likely Old or novelty during Likely New) (Jaeger, Konkel,
& Dobbins, 2013), analogous to orienting of attention to spatial locations (Posner, 1980).
According to these authors, old/new, perceived oldness, and recollection effects may be a
byproduct of attentional shifts elicited by retrieval task demands.
The idea that attentional shifts underlie parietal activity during memory retrieval was
explored in earlier work on retrieval orientation (Dobbins et al., 2002, 2003; Dobbins &
Wagner, 2005; Herron & Rugg, 2003). Retrieval orientation refers to the processing bias applied
to specific retrieval cues (Rugg & Wilding, 2000), such as relying on visual information during
the retrieval of picture stimuli versus lexical information for the retrieval of word stimuli (Herron
& Rugg, 2003). Similarly, recollection versus familiarity or source versus item judgments all
may require a shift in attention toward processing pathways that specify certain types of
mnemonic information, namely specific details in the case of recollection or source versus
memory strength in the case of familiarity or item judgments. Several studies showed increased
parietal activity for source judgments compared to items judgments (Dobbins et al., 2002, 2003;
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Dobbins & Wagner, 2005) and importantly, such increased activity occurred for both correct and
incorrect source judgments (Dobbins et al., 2003), suggesting parietal activity tracks shifts of
attention necessary to attempt to retrieve information and not the successful retrieval of
information.
Theoretical contributions to retrieval
Given the consistency of retrieval related activations in the PPC using fMRI, several
theories have been proposed to provide functional accounts of how the PPC contributes to
retrieval (Cabeza et al., 2008; Cabeza, 2008; Ciaramelli, Grady, & Moscovitch, 2008; Jaeger et
al., 2013; Vilberg & Rugg, 2008; Wagner et al., 2005). Summarized below are three classes of
hypotheses based mostly on neuroimaging results, namely 1) the mnemonic accumulator
hypothesis, 2) the output buffer hypothesis, and 3) attentional hypotheses.
Mnemonic accumulator hypothesis. The mnemonic accumulator hypothesis suggests
that the PPC accumulates the strength of mnemonic evidence and compares it to a criterion for
acceptance (Wagner, et al. 2005). Accumulation of information in service of a decision has been
theorized to underlie recognition judgments (Ratcliff, 1978), and the PPC may be the region
responsible for such evidence accumulation. In support of this theory, the monkey homologue of
the PPC (area LIP) accumulates neural signals leading up to a decision (Shadlen & Newsome,
1996), raising the possibility that the human PPC may operate similarly in the service of memory
decisions.
This hypothesis can account for findings that the PPC has shown greater activation for
true and false recognition (Kahn, et al. 2004; Wheeler & Buckner 2003), greater activation for
high confidence compared to low confidence recognition (Chua et al., 2006, 2009; Chua,
Schacter, & Sperling, 2009; Hayes et al., 2011), and greater activation with increasing amounts
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of recollected detail (Vilberg & Rugg 2007, 2009a, 2009b). For example, false recognition
generally occurs for information that is strongly related to studied information (e.g. Roediger &
McDermott, 1995); thus one mechanism that could explain false recognition is that there may be
neural signals that are strong enough to surpass a criterion. Similarly, greater amounts of detail
have been suggested to aggregate a greater signal strength (Wixted & Mickes, 2010; Wixted,
2007), which could explain confidence-related findings in the PPC because confidence can be
thought of as a quantitative judgment that varies on a strength dimension of low to high (e.g.
Stretch & Wixted, 1998).
Output buffer hypothesis. The output buffer hypothesis suggests that the PPC performs
a role in long-term memory similar to its role in working memory (Jones & Berryhill, 2012;
Jonides et al., 1998; Smith & Jonides, 1998; for review see Owen, McMillan, Laird, & Bullmore,
2005; Smith & Jonides, 1999), by maintaining retrieved mnemonic information so it is accessible
to a decision process. This is primarily supported by evidence that the PPC tracks the amount of
recollected detail (Donaldson et al., 2010; Hutchinson et al., 2012; Vilberg & Rugg, 2007,
2009a, 2009b). This account takes into consideration that memories are multimodal, in other
words, having perceptual, auditory, and tactile information (e.g. Wheeler, Petersen, & Buckner,
2000). The more information represented or maintained at retrieval, the greater likelihood the
information belongs to the sought after episode. The parietal cortex may be the necessary module
for reinstating multimodal information from memory.
Attentional hypotheses. Lastly, an attention to internal representations hypothesis
(Wagner et al., 2005), which has been elaborated in the dual attentional processes (Cabeza,
2008), and attention to memory (AtoM) hypothesis (Cabeza et al., 2008; Ciaramelli et al., 2008)
suggest that parietal retrieval effects are analogous to the PPC’s role in stimulus-driven attention
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(Corbetta & Shulman, 2002). For example, one fMRI study found that PPC activity was
increased during the search for a target stimulus and at the point the target is detected (Corbetta
et al., 2000). Thus, the PPC is implicated in the allocation of attention top-down in the case of
search, which involves voluntary selection of stimuli based on goals and expectations, and
bottom-up in the case of detection, which involves capture by stimuli considered behaviorally
relevant (Corbetta & Shulman, 2002).
In memory, both top-down and bottom-up attention effects are internally oriented toward
mnemonic evidence during retrieval. Attention can be oriented toward an internal representation
of a previously presented stimulus that is held in working memory to subsequently enhance
memory for the item. This is analogous to the way selectively attending to an external stimulus
improves memory for the item. Both processes are reflected in ERP activity over parietal regions
(Griffin & Nobre, 2003). If parietal top-down and bottom-up attentional processes can be
oriented to internal representations from working memory, it stands to reason that attentional
processes can be oriented to internal representations from long-term memory. Top-down
attention is thought to be involved when: 1) retrieval is difficult and requires effortful search for
a target memory based on the goals or expectations derived from retrieval task demands (Cabeza,
et al., 2008), such as during retrieval orientation (Dobbins, et al. 2003); 2) the search for the
paired associate in the Posner cueing adaptation (Ciaramelli, et al., 2010); and 3) remember
judgments (Montaldi et al., 2006; Vilberg & Rugg, 2007, 2009a, 2009b; Yonelinas et al., 2005).
Bottom-up attention is thought to be involved when retrieval is automatic and thereby captured
by the relative salience of contents of retrieval (Cabeza et al., 2008; Ciaramelli et al., 2008), such
as during high confidence judgments (e.g. Hayes et al., 2011) or during false alarms (Kahn et al.,
2004; Wheeler & Buckner, 2003).
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Alternatively, a memory orienting hypothesis (Jaeger et al., 2013) suggests that the PPC
orients attention toward memory signals that do not match expectations, as was evidenced by
PPC activations during invalid trials in a Posner cueing adaptation (Jaeger, et al, 2013;
O’Connor, et al., 2010). This is analogous to the orienting response in the Posner cueing
paradigm (Posner & Petersen, 1990), where external cues are mostly valid, but during invalid
trials the responder must overcome the pre-potent response to align with the external cue and
instead accurately respond to the stimulus. Thus, during memory retrieval, a similar process is
thought to allow the rememberer to voluntarily disengage attentional focus and redirect toward
evaluating ambiguous memory signals (Jaeger, et al, 2013).
Testing the role of the PPC in memory retrieval
To take stock, robust evidence that PPC activity is modulated by retrieval is revealed by
the old/new effect, with greater activity to accurately recognized old items than new items, which
generalized to different response parameters and stimuli (Wagner, et al., 2005). The old/new
effect may be modulated by specific mnemonic attributes, including the subjective perception
that an item is old (Kahn, et al, 2004), the amount of information accompanying retrieved items
(Vilberg & Rugg, 2007), or the attentional shifts in response to retrieval tasks (Dobbins, et al.,
2003). Informed theories have attempted to explain these patterns of activations by introducing
functional accounts that are supported by known functions supported by the PPC (Cabeza, 2008;
Ciaramelli et al., 2008; Jaeger et al., 2013; A. D. Wagner et al., 2005). The state of the literature,
therefore, has derived novel tasks to differentiate possible roles for the PPC in memory retrieval
and theoretical insights for interpretation of effects (Ciaramelli et al., 2010; Dobbins et al., 2003;
O’Connor et al., 2010). A natural next step is to use this rich literature to inform experimental
designs that clarify whether the correlated activity is causal, or merely epiphenomenal. The
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upcoming section surveys the current state of the literature providing evidence that the PPC has a
causal role in retrieval. This begins with lesion studies and continues to brain stimulation
studies.
Patients with parietal lesions show subtle memory deficits. Despite the consistency
with which fMRI studies implicate a role of the PPC in memory retrieval, evidence of memory
deficits from patients with parietal lesions are rare (Berryhill, Phuong, Picasso, Cabeza, & Olson,
2007; Davidson et al., 2008; Drowos, Berryhill, André, & Olson, 2010; Simons, Peers, Mazuz,
Berryhill, & Olson, 2010). Briefly, patients have been shown to perform normally on recogniton
memory (Haramati, Soroker, Dudai, & Levy, 2008) and source memory tasks (Davidson et al.,
2008; Simons et al., 2010) using various types of stimuli.
Given that recognition accuracy appeared unchanged in patients with PPC lesions,
researchers examined subtle changes to memory in this group, and have shown alterations in
subjective aspects of memory retrieval (Berryhill et al., 2007; Davidson et al., 2008; Drowos et
al., 2010; Simons et al., 2010). Two studies showed decreased false recognition in 5 unilateral
patients age 44 to 67 years old (Davidson, 2008) and 2 bilateral patients age 40 and 49 years old
(Drowos, et al. 2010). These patients also reported decreased subjective recollection with
comparatively diminished content when recalling past memories (Berryhill, et al., 2007, same
patients from Drowos, et al. 2010), decreased “remember” responses (Davidson, 2008), and
decreased confidence in their memories selective to source or recollection specific judgments,
not item judgments (Simons et al, 2012). Of note, Simons, et al. (2012) found decreased
confidence during recollection among 3 bilateral (mean age 60.2 years old) but not 6 unilateral
patients (mean age 49 years old) used in their study. Thus, it appears that subjective aspects of
memory retrieval involved in item recognition and source recollection are primarily affected in
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patients with lesions of the lateral PPC, but may vary based on age, location and extent of the
lesion.
Alternatively, memory accuracy may be unchanged under some circumstances and not
others based on how the task engages attention to memory (Berryhill et al., 2007; Ciaramelli et
al., 2010; Dobbins et al., 2012). For example, two patients with bilateral parietal lesions, aged
39 and 49 years of age, had significantly impoverished details when asked to freely recall
autobiographical memories (Berryhill, et al., 2007). However, the amount of autobiographical
details recalled were normal when asked specific questions about their memories, suggesting a
deficit in directing attention to relevant specifics in memory. To test the role of attention to
memory directly, patients were administered the memory adaptation of the Posner cueing
paradigm reviewed earlier (Ciaramelli, et al, 2010), in which subjects studied paired associates,
then were cued at retrieval with a studied word, unstudied word, or meaningless stimulus (a
series of ampersands). Cueing with a studied word improved performance compared to
unstudied words or meaningless stimuli in normal controls, but this improvement was reduced in
4 patients with parietal lesions (mean age 58 years old), suggesting parietal lesions result in an
inability to use top down attention to incorporate cues that assist memory search (assuming the
deficit is at retrieval and not during the encoding of paired associates). Another study adapted
the earlier reviewed explicit memory cueing paradigm (O’Connor, et a. 2010) for work with
patients. The researchers tested 7 unilateral and 4 bilateral parietal lesion patients (aged 45 to 78
years old), as well as controls. During an old/new recognition test, cues were presented that
forecasted the actual outcome of the item as old or new (“Likely Old” or “Likely New”), and this
cue was valid 75% of the time (Dobbins, et al. 2012). Healthy controls relied on the cues
presented, causing a bias toward old judgments when a “Likely Old” cue was presented and new
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judgments when a “Likely New” cue was presented. In contrast, patients failed to rely on the
cues to alter performance, albeit solely during the presentation of “Likely New” cues, again
suggesting that top down shifts in attention based on environmental cues are impaired following
parietal lesions. In this study, however, it was noted that top down attention is generally thought
to become involved when memory retrieval is difficult, which should not be the case when most
cues are valid. It was therefore suggested that the PPC may engage attention to memory based
on decision bias, wherein a shift in bias along a dimension of familiarity permits the search for or
expectation of more or less familiarity. The authors proposed a decision-biasing framework,
wherein the parietal cortex serves to bias judgments towards or away from familiar information
depending on the cues present in the environment. This framework suggests that parietal
patients only revealed a different pattern than controls during the recognition of new items
because old item recognition largely relied on recollection and not familiarity. Dobbins et al.
(2012) do not discount, however, that the parietal cortex influences recognition decisions for old
and new items. The framework in Dobbins et al. (2012) instead emphasizes that cues are only
usefully integrated to improve accuracy when the memory alone is not salient enough to reach a
decision.
In summary, a small body of literature in patients with lesions shows that the PPC has a
causal role in: 1) distorted false recognition (Davidson et al. 2008, Drowos & Berryhill, 2010), 2)
impoverished recollection (Berryhill et al. 2010, Davidson et al. 2008, Simons, Peers, Mazuz,
Berryhill, & Olson, 2010), and 3) attention to memory (Ciaramelli, et al., 2010; Dobbins, et al.
2010). There are, however, several caveats of lesions studies. Patients generally have widespread
damage from lesions, effecting extensive parts of one or more cortical regions (Schoo et al.,
2011). The lesions can be the result of, or result in illness, meaning that patients are on
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medications that may affect cognition. Also, during recovery, the brain reorganizes to recover
function (Kolb, Brown, Witt-Lajeunesse, & Gibb, 2001), therefore changes to cognitive
performance, or lack thereof, may indicate such recovery. Finally, memory in particular is
known to involve distinct processing during encoding, retention and retrieval (e.g. Cansino et al.,
2002; Nyberg et al., 1996). Damage from lesions affects all stages of memory, making it
difficult to know whether any alterations are specific to encoding, retention, or retrieval
operations (for a review see Berryhill, 2012; Schoo et al., 2011).
Safely manipulating PPC activity using non-invasive brain stimulation offers an
advantage to address causality over testing lesioned patients because we can assess performance
in a healthy, intact brain. Thus administration of non-invasive brain stimulation can be
performed within, and generalize to, normal populations. Furthermore, stimulation can be
administered at discrete time points to disentangle retrieval specific operations.
Manipulating brain activity in healthy brains alters memory performance.
Recent investigations have employed transcranial magnetic stimulation (TMS) to the PPC
during retrieval (Sestieri, Capotosto, Tosoni, Luca Romani, & Corbetta, 2013; Yazar, Bergström,
& Simons, 2014). TMS uses a magnetic coil placed on the scalp to induce electrical currents in a
targeted region of cortex over a short period of time (Rossi et al., 2009), which interferes with
ongoing neural activity typically termed a “virtual lesion” (for a review, see Pascual-Leone,
Walsh, & Rothwell, 2000). Application of repetitive pulses of TMS (rTMS) to the PPC during
retrieval showed no decrements to retrieval accuracy for visual scenes (Rossi et al., 2006), and
application of continuous theta burst stimulation (cTBS) TMS had no effect on free recall, cued
recall, and source recollection accuracy for words (Yazar et al., 2014), suggesting the PPC is not
causally involved in retrieval. However, other researchers showed that TMS over the PPC at
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encoding led to a decrement in retrieval of abstract words (Manenti, Tettamanti, Cotelli,
Miniussi, & Cappa, 2010), and at retrieval decreased d’, a measure of recognition accuracy
estimated from the ability to discriminate between studied and unstudied words (Sestieri et al.,
2013). There were also observations of altered response bias during recollection (Sestieri, et al.
2013) and reduced confidence during recollection (Yazar, et al. 2014). As such, some TMS
studies have shown a causal relationship between neural activity of the PPC in objective
(accuracy) and subjective (bias, confidence) aspects of memory retrieval. However, the mixed
findings highlight the importance of determining which aspects of memory are influenced by
PPC activity, and converging methods and other experimental designs may help clarify these
issues.
Transcranial Direct Current Stimulation (tDCS)
The main aim of this dissertation is to examine the role of the PPC in aspects of memory
using transcranial Direct Current Stimulation (tDCS). TDCS has been used to manipulate brain
activity in order to examine the role of brain regions in cognitive functions, including episodic
memory (Boggio et al., 2009; Jacobson, Goren, Lavidor, & Levy, 2012; Javadi, Cheng, &
Walsh, 2011; Javadi & Walsh, 2011; Pisoni et al., 2015; Zwissler et al., 2014). In general, tDCS
applies a weak electrical current at the scalp that is subthreshold for neuronal firing, compared to
TMS, which applies a pulse of current via electromagnetic induction that is above threshold to
induce neuronal firing. To highlight this tool as complementary to other tools in cognitive
neuroscience, the following section is divided into three main sections. First, a brief description
of the tDCS procedure is provided to illustrate the standard protocols used. Second, the effects
of tDCS on cortical excitability are reviewed with emphasis on studies in motor and visual
cortex, where most research has been performed. Third, we focus on the use of tDCS in the
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cognitive domain as a foundation for how tDCS over specific brain areas alter episodic memory.
tDCS Procedures. TDCS is a form of non-invasive brain stimulation (for review see
Sparing & Mottaghy, 2008). Standard tDCS applies a constant weak electrical current to the
scalp measured in milliamps (mA), over minutes of time, via two electrodes, one anode
(positively charged) from which current flows toward one cathode (negatively charged;
(DaSilva, Volz, Bikson, & Fregni, 2011; Nitsche et al., 2008). The electrodes are encased in
saline soaked sponge pockets, 25 centimeters (cm)2 or 35cm2 (tDCS manual, Soterix Medical,
New York), resulting in the current being delivered to a large area of cortex (Datta et al., 2009;
Wagner et al., 2007). Because the current is applied to the scalp, participants feel sensations at
the scalp, and current is absorbed by the scalp and skull, before reaching the brain (Gandiga,
Hummel, & Cohen, 2006; Kessler, Turkeltaub, Benson, & Hamilton, 2012; Poreisz, Boros,
Antal, & Paulus, 2007). Approximately 10% of the delivered current is estimated to reach the
brain (Wagner, et al. 2007).
The location of the electrodes on the scalp, or other body parts (e.g., neck, shoulder),
determines what cortical areas receive stimulation. The most common approach for tDCS has
been to place electrodes based on the 10-20 international system for electroencephalography
(EEG) (10-20 system: Chatrian et al., 1988; Jasper, 1958; tDCS studies using 10-20 system:
Hammer, Mohammadi, Schmicker, Saliger, & Munte, 2011; Javadi & Walsh, 2011; Manenti,
Brambilla, Petesi, Ferrari, & Cotelli, 2013; Pisoni et al., 2015; Ross, McCoy, Coslett, Olson, &
Wolk, 2011; Ross, McCoy, Wolk, Coslett, & Olson, 2010; Zwissler et al., 2014). This system is
the standard naming and placement scheme for electrodes on the scalp that allows for comparing
results across EEG studies. Specifically, the 10 and 20 refer to 10% and 20% distances from
specific skull landmarks. Because the current flows from the anode to the cathode (DaSilva,
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Volz, Bikson & Fregni, 2011), the position of each electrode determines through which cortical
areas the current flows, so choosing the electrode montage (i.e., placement of electrodes) is
critical. Montages may be chosen based on prior work showing ERPs at that electrode.
Alternatively, computer simulations of current flow based on physical properties of different
anatomical structures, can also help optimize electrode placement for target brain areas (Datta et
al., 2009; Kempe, Huang, & Parra, 2014). Optimal montages have also been chosen based on
effects from prior tDCS research. For example, placing the anode and cathode over the left and
right primary motor cortex (M1) respectively, in a bilateral montage, can have additive effects on
corticospinal excitability (Mordillo-Mateos et al., 2012) and improve correct sequential
keystrokes in a typing task (Vines, Cerruti, & Schlaug, 2008), compared to placing the anode
over M1 and cathode over the contralateral eyebrow, in a unilateral montage. This suggests that
bilateral stimulation may in some cases more effectively elicit behavioral effects, leading some
researchers to use the bilateral montage.
Consistent with general experimental design, tDCS over the region of interest is
compared to a control group. A standard in the medical field for measuring the efficacy of any
treatment is whether it is better than placebo (Chiodo, Tolle, & Bevan, 2000). A similar logic is
applied for studies of tDCS, which use “sham” stimulation to validate whether or not the
observed behavioral changes are caused by the stimulation effects. For sham stimulation in
tDCS, the electrode placement and stimulation procedure begin in the same way as real
stimulation (Utz, Dimova, Oppenländer, & Kerkhoff, 2010). During real stimulation the current
slowly ramps up to allow the scalp to adjust to the incoming current, which typically causes
scalp sensations such as tingling or itching that fade in the first 30 seconds according to previous
reports (Ambrus, Antal, & Paulus, 2011; Minhas, Datta, & Bikson, 2011).
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The sham procedure capitalizes on these sensations, and attempts to mimic the overall
experience. During sham stimulation the current slowly ramps up to full current, and then
immediately ramps back down. At the end of the stimulation period the current ramps up and
down again to produce an experience for subjects that they are able to detect the current
changing across their scalp at the beginning and end of stimulation, but become accustomed to it
during. One study reported that none of the participants could distinguish between sham,
cathodal and anodal tDCS sessions (Gandiga et al., 2006) and only 17% of participants detected
the difference in another study (Poreisz, et al., 2007), allowing validation that the reported effects
are primarily due to the stimulation and not perceptual feedback from the participants’
expectation of treatment. It has been noted, however, that the reported sensation between real
and sham stimulation significantly differs (Kessler, et al., 2012), suggesting that the experience
between the two conditions is different. There has, therefore, been a push in the tDCS literature
to employ other control conditions such as stimulating a separate region of cortex (Filmer, Dux,
& Mattingley, 2014; Horvath, Carter, & Forte, 2014), with the hope of identifying double
dissociations among separate brain regions as in the field of neuropsychology (Orden,
Pennington, & Stone, 2001).
Effects on cortical excitability. TDCS differs in its effects on cortical excitability from
other stimulation techniques such as TMS. Whereas TMS typically interrupts ongoing neural
activity by stimulating action potentials (for a review see Walsh, Walsh, Cowey, & Cowey,
2000), the weak currents from tDCS are below threshold to cause action potentials (Bikson et al.,
2004). This key factor gives tDCS the ability to be incorporated with the ongoing activity of the
cortex, thereby altering the firing rate of neurons (Radman, Su, An, Parra, & Bikson, 2007;
Reato, Rahman, Bikson, & Parra, 2010) rather than interfere with neuronal firing rate as when
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using TMS (Ziemann, 2011). This is particularly useful for modifying cognitive functions such
as memory retrieval. The nature of these modulations is discussed below.
The effects of tDCS on action potentials have been directly observed in animal studies
(Bikson et al., 2004; Radman, Ramos, Brumberg, & Bikson, 2009; Reato et al., 2010).
Intracellular recordings following application of weak electric fields generated changes in
membrane potentials in a polarity specific manner: positive (under the anode) fields reduced
action potential threshold, consequently increasing excitation through a population of neurons
and negative fields (under the cathode) had the opposite effect (Bikson et al, 2004). Thus, weak
DC currents did not cause neurons to fire, but changed the threshold for firing, making it “easier”
or “harder” for a population of neurons to fire. Furthermore, neurons already receive synaptic
input from other neurons that alter their rate of firing so that exogenous electric fields are
integrated with endogenous synaptic input and amplify the rate at which individual neurons fire
(Radman, et al. 2007) and change the firing rate and timing in active neuronal networks (Reato,
et al. 2010). Therefore, endogenous activity makes neurons and their networks susceptible to the
weak direct currents, suggesting tDCS does not actually stimulate but modulates ongoing
neuronal processing and timing (Radman, et al. 2007; Reato, et al. 2010). Computational
modeling of the oscillatory activity of a network revealed that activity maintained an excitation
and inhibition balance, such that increased excitatory input did not proliferate through a network
and cancel out normal oscillatory response. Instead inhibitory input grows faster than excitatory
input so that increased excitation affects excitatory cells, and can still be moderated by feedback
inhibition to reach excitation/inhibition balance, maintaining network dynamics (Reato et al.,
2010).
The excitatory and inhibitory effects under the anode and cathode, respectively, have also
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been shown in humans (Antal, Kincses, Nitsche, Bartfai, & Paulus, 2004; Antal, Kincses,
Nitsche, & Paulus, 2003; Nitsche & Paulus, 2000; Nitsche & Doemkes, 2007; Nitsche et al.,
2005). Effects on cortical excitability can be seen by comparing motor evoked potentials (MEP),
measured via electrodes on the hands, before and after tDCS over the motor cortex has been
administered. In a series of studies by Nitsche and colleagues (2000, 2005, 2007), at 1 mA
stimulation, when the anode was applied over primary motor cortex there was increased MEP
amplitude, suggesting excitation, whereas when the cathode was placed over primary motor
cortex there was decreased MEP amplitude, suggesting inhibition, a pattern mirroring the effects
on neurons in animal cortex. In the primary visual cortex, the threshold to elicit phosphenes
(sensations of light) with TMS is an index of visual cortex excitability (Stewart, Walsh, &
Hwell, 2001), such that lower TMS intensity needed to elicit phosphenes corresponds to greater
underlying cortical excitability. Anodal tDCS at 1mA over primary visual cortex decreased the
phosphene threshold, corresponding to greater cortical excitability and cathodal tDCS increased
the phosphene threshold, corresponding to reduced cortical excitability (Antal et al., 2003).
Similarly, EEG measured over primary visual cortex revealed increased magnitude of the visual
evoked potential to low contrast visual stimuli following 1mA anodal tDCS and decreased
magnitude of the visual evoked potential following cathodal tDCS over primary visual cortex
(Antal et al., 2004).
Outside the visual and motor domains, and in support of anodal improvements, subjects
learned to detect threats in a live action video game while receiving 0.1 mA, 0.6 mA or 2.0 mA
anodal stimulation to the inferior frontal cortex or lateral parietal cortex (Clark et al., 2012). A
dose response effect was found such that, compared to 0.1 mA, there was increased accurate
detection at 0.6 mA and a greater increase in accurate detection at 2.0 mA, suggesting greater
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tDCS effects on performance are achieved with greater current. Thus, there is evidence that
tDCS is capable of changing neural excitability in both animals and humans, such that the areas
under the anode and cathode show increased or decreased cortical excitability, respectively.
As per a mechanism at the neuronal level responsible for increased or decreased cortical
excitability effects, changes appear to be specific to changes in the calcium and sodium ion
channels that alter membrane potential (Nitsche et al. 2003). Specifically, administration of a
calcium channel blocker, flunarizine, and a sodium channel blocker, carbamazepine, diminished
the effects of anodal stimulation. Excitatory or inhibitory neurotransmitters, however, did not
modulate tDCS effects on cortical excitability during stimulation (Nitsche et al., 2003; Nitsche et
al., 2004). Antagonizing NMDA receptors did not interfere with tDCS elicited motor excitability
during short stimulation (Nitsche et al., 2003) and agonizing GABA(A) receptors did not have an
effect on the intra-stimulation response from anodal stimulation (Nitsche et al., 2004), although
effects were noticed after stimulation had ended. Thus long term, but not short-term effects of
tDCS depend on the excitatory or inhibitory neurotransmitters that may dominate a given cortical
region during stimulation.
Further evidence that tDCS alters cortical excitability comes from combined tDCS and
neuroimaging studies (Baudewig, Nitsche, Paulus, & Frahm, 2001; Jang et al., 2009). One fMRI
study scanned participants before and after five minutes of 1mA anodal or cathodal tDCS over
the motor cortex (Baudewig et al., 2001). Cathodal tDCS, meaning the cathode was placed over
M1, significantly decreased the mean activation in M1 and anodal tDCS, meaning the anode was
placed over M1, resulted in a numeric but non-significant increase in M1. The lack of
significance in the anodal condition was attributed to a ceiling effect (Baudewig et al., 2001).
Another fMRI study, however, did show significantly increased activation following 20 minutes
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of 1mA anodal tDCS of the motor cortex, suggesting that differences in stimulation parameters
such as duration may alter the ability to observe tDCS effects on brain activity (Jang et al.,
2009).
Factors influencing tDCS effects on cortical excitability. The idea that the area under
the anode is excited and the area under the cathode is inhibited, may not be so simple. In motor
cortex it has been shown that anodal and cathodal tDCS led to excitation and inhibition,
respectively at 1mA, but both anode and cathode produced excitation (increased MEP amplitude)
at 2mA (Batsikadze, Moliadze, Paulus, Kuo, & Nitsche, 2013). The effects of tDCS are also
modulated by execution of a task (Antal, Terney, Poreisz, & Paulus, 2007). When tDCS was
applied while a participant performed no task (passive condition), anode excitation/ cathode
inhibition was reflected in MEP amplitudes. However, when participants performed a cognitive
task, simply responding to a commercial intelligence test, this pattern was reversed with MEP
amplitudes decreased for anodal and increased for cathodal stimulation. Lastly, when performing
a motor task, involving pushing a ball back and forth, MEP amplitudes decreased for both anodal
and cathodal stimulation (Antal et al., 2007). Thus, tDCS effects on cortical excitability can be
influenced by the overlying intensity of the current and underlying state of the cortex. These
factors can be taken into account when interpreting whether behavioral effects in the cognitive
domain appear to be enhanced or attenuated by overlying electrodes. Thus, in some cases, the
direction of tDCS effects may seem surprising if interpreted only through the lens of anode
excitation/cathode inhibition.
TDCS alters memory performance. Given that tDCS is a relatively newer technique for
the cognitive neuroscience community, only a small number of studies have tested the effects of
tDCS specifically in memory retrieval. Those that are available reveal that tDCS over different
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brain regions alters episodic memory retrieval in a polarity specific manner (Hammer et al.,

2011; Jacobson, Goren, et al., 2012; Javadi & Walsh, 2011; Rosa Manenti et al., 2013; Pisoni et
al., 2015; Ross et al., 2010). For example, stimulation improved recognition performance when
the anode was placed over dlPFC (Javadi & Walsh, 2011; Manenti et al., 2013), parietal cortex
(Jacobson, Goren, et al., 2012; Pisoni et al., 2015), and anterior temporal cortex (Pisoni et al.,
2015; Ross et al., 2011, 2010), whereas recognition performance was impaired when the cathode
was placed over the dlPFC (Hammer et al., 2011; Javadi & Walsh, 2011). In a similar fashion,
when the anode was placed over the DLPFC there was increased false recognition compared to
sham stimulation, whereas when the cathode was placed over the DLPFC, there was decreased
false recognition compared to sham (Zwissler et al., 2014). These studies show proof-of-concept
that tDCS can be used to selectively facilitate or attenuate retrieval specific processes.
Using tDCS to evaluate the mnemonic role of the PPC
In the following chapters, we focus on modifying parietal excitability to test whether the
PPC has a causal role in memory retrieval. Based on functions implicated in fMRI and lesion
studies, we aim to stimulate the PPC during retrieval on tasks of false recognition, source
memory and attentional processing in memory retrieval.
As outlined above, these facets of memory retrieval have been implicated via fMRI and
in some lesion cases. As such, the following chapters adapt paradigms that have shown memoryrelated correlated activity in the PPC, and manipulate PPC activity using tDCS to further
elucidate the role of the PPC in retrieval. These paradigms are: 1) the Deese-RoedigerMcDermott paradigm (Roediger & McDermott, 1995) (Chapter 1) to elucidate the PPC role in
false recognition (Kahn, et al. 2004; Wheeler & Buckner, 2003), 2) an item and source memory
paradigm (Chapter 2) to elucidate the PPC role in the amount of information retrieved, and 3) an
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explicit memory cueing paradigm (Dobbins et al. 2012) adapted from the Posner cueing
paradigm (Chapter 3) to elucidate the PPC role in attentional processes in memory retrieval.
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Transcranial direct current stimulation (tDCS) of the parietal cortex leads to increased false
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Abstract
A robust finding is that brain activity in the lateral posterior parietal cortex (PPC)
correlates with successful recognition. Here we test whether the PPC has a causal role in

memory retrieval using transcranial direct current stimulation (tDCS). Participants were given a
modified version of the Deese-Roediger-McDermott (DRM) paradigm, a well-established
method for producing false recognition with high confidence. In Experiment 1, false recognition
was significantly greater for active compared to sham tDCS when the anode was placed over left
parietal cortex (CP3) and the cathode over right parietal cortex (CP4). These findings were
replicated in Experiment 2, with both anode CP3/cathode CP4 and anode CP4/cathode CP3
active stimulation leading to greater false recognition. Differences also emerged, with anode
CP4/cathode CP3 active stimulation leading to greater hits. Our findings support the proposal
that the lateral PPC plays a causal role in episodic memory retrieval and can lead to enhanced
subjective aspects of memory.
Key words: tDCS; Transcranial Direct Current Stimulation; false recognition; human memory;
parietal, confidence
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Introduction
The precise role of the posterior parietal cortex (PPC) in episodic memory retrieval
remains to be elucidated. On the one hand, functional magnetic resonance imaging (fMRI)
studies have consistently implicated the lateral PPC during memory retrieval (Cansino et al.,
2002; Dobbins et al., 2003; Eldridge et al., 2000; Henson et al., 2000, 1999; Henson, Shallice,
Gorno-Tempini, & Dolan, 2002; Kahn et al., 2004; Leube et al., 2003; Wheeler & Buckner,

2004), whereas neuropsychological studies of memory function in patients with parietal damage
are scarce and show rather subtle memory deficits relative to the large amount of fMRI evidence
(Berryhill & Olson, 2008; Davidson et al., 2008; Drowos, Berryhill, André, & Olson, 2010;
Simons, Peers, Mazuz, Berryhill, & Olson, 2010; for review, see Schoo et al., 2011). Because
fMRI is correlational, the PPC modulations may not reflect a causal role of the PPC in memory
retrieval. Although neuropsychological studies are causal, they cannot distinguish between
damage to retrieval, encoding, or maintenance, and whether findings are the consequence of
other factors such as the extent of damage or recovered functions in the time since the lesion (for
a review see Grefkes & Ward, 2013). Brain stimulation techniques offer a method to clarify the
causal role of the PPC during memory retrieval in healthy intact brains. In our study, we use
transcranial direct current stimulation (tDCS), a form of non-invasive brain stimulation, to 1)
investigate a causal role of the PPC in episodic retrieval and 2) the nature of the role of the PPC
in episodic memory.
TDCS is believed to directly manipulate ongoing cortical activity by passing a direct
current though the scalp from a positive electrode (anode) to a negative electrode (cathode) (for
review, see Nitsche et al., 2008). The opposing polarities of each electrode are thought to result
in opposing polarization of the neuronal membrane such that anodal stimulation increases
cortical excitability, whereas cathodal stimulation decreases it (Nitsche et al., 2005; Reato,
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Rahman, Bikson, & Parra, 2010). The simplicity and effectiveness of the technique has become
recognized as a useful tool in cognitive neuroscience research (for review, see Sparing &
Mottaghy, 2008). It has been used to alter episodic memory by stimulating the prefrontal (e.g.
Javadi & Walsh, 2012; Manenti, Brambilla, Petesi, Ferrari, & Cotelli, 2013) or anterior temporal
cortex (Boggio et al., 2009; Ross, McCoy, Coslett, Olson, & Wolk, 2011), and modify parietal
functions in other cognitive domains (e.g. Jacobson, Goren, Lavidor, & Levy, 2012; Jones &
Berryhill, 2012; Manenti et al., 2013; Moos, Vossel, Weidner, Sparing, & Fink, 2012; Tanoue,
Jones, Peterson, & Berryhill, 2013). Notably, tDCS of the PPC has been used to produce
alterations of working memory that produce comparable performance changes seen in lesion
patients (Berryhill, Wencil, Coslett, & Olson, 2010) and improved long term memory following
stimulation during encoding (Jones, Gozenman, & Berryhill, 2014). Thus, tDCS is a promising
technique for understanding the contributions of the lateral PPC during retrieval and can offer
converging evidence that complements existing work on the role of the PPC in episodic memory
using transcranial magnetic stimulation (TMS) (Sestieri et al., 2013).
Although tDCS appears to be a promising technique, there are certain limitations that
must be acknowledged. Currents are weak, producing subtle effects that can vary based on the
underlying cognitive ability of the participants (e.g. working memory performance; Jones &
Berryhill, 2012; Tseng, et al. 2012; or more education, Berryhill & Jones, 2012) and an
individuals neuroanatomy and physiology (Datta et al. 2012). Given that effects may be weak
and variable, we employed two experiments to verify that our effect was replicable. In addition
to the effects often being small, tDCS has limited focality and current flows through large
portions of the cortex, limiting our ability to make conclusions about the smaller cortical regions.
Indeed, TMS may be more useful for examining the role of parietal subregions (e.g. Sestieri, et
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al. 2013) that are thought to show dissociable roles in retrieval (Jaeger, Konkel, & Dobbins,
2013; Guerin & Miller, 2009; Hutchinson, et al. 2012; Vilberg and Rugg, 2009). Nevertheless,
converging evidence from multiple techniques strengthens findings, and here we investigate the
role of the PPC in retrieval using tDCS.
Particular data that needs to be accounted for from the memory retrieval literature is that
PPC activity is greater for items called “old,” even when false, compared to those items called
“new” (i.e., both misses and correct rejections) (Buckner & Wheeler, 2001; Idaka, Matsumoto,
Nogawa, Yamamoto, & Sadato, 2006; Takahashi, Ohki, & Kim, 2008; Wagner et al., 2005).
These results suggest that the lateral PPC tracks the subjective perception that an item is old.
Related to subjective memory, some studies have identified greater activation in the lateral PPC
for subjective confidence in memory (Chua et al., 2006, 2009a; Hayes et al., 2011; Kim &
Cabeza, 2007). Similar, albeit less consistent, findings have also emerged in the
neuropsychological literature. Patients have shown decreased false recognition (Davidson et al.,
2008; Drowos et al., 2010; Simons et al., 2010), a decreased sense of subjective recollection and
confidence in their memory using different memory tasks (Davidson, et al. 2008; Drowos, et al.,
2010; Simons, et al., 2010), and alterations to subjective decision biases based on confidence
(Hower, Wixted, Berryhill & Olson, 2014) or external cues (Dobbins, Jaeger, Studer, & Simons,
2012). Taken together, these sets of findings suggest the lateral PPC plays a role in subjective
aspects of memory retrieval.
False recognition can be thought of as subjective memory without objective accuracy;
therefore, we used tDCS while participants engaged in the Deese-Roediger- McDermott (DRM)
paradigm (Deese, 1959; Roediger & McDermott, 1995). In the DRM paradigm participants
study a list of related words that converge on a theme word, which is presented as a “critical
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lure” during test. The task elicits high rates of false recognition at test. Based on extant
literature, we hypothesized tDCS during memory retrieval applied over the lateral PPC would

show greater false recognition and alterations to subjective recollection or confidence with active
tDCS compared to sham tDCS.
Experiment 1
Methods
Participants. Fifty-six undergraduate students at Brooklyn College of the City
University of New York participated in this study (30 females, age range 18-35 years, MEAN ±
SEM: 21.35 ± 0.52 years) for course credit. All participants had normal or corrected to normal
vision, and were fluent English speakers who were naïve to the purpose of the study.
Participants were excluded if they had metallic implants, any neuropsychiatric disorder, current
or past history of alcohol or other drug abuse, history or family history of seizures or heart
disease, were taking any medication acting on the central nervous system, had any skin irritations
on the head or scalp, or were pregnant. Three participants were excluded from the analyses for
failure to comply with the task and for mostly pressing only a single button throughout the
recognition test, resulting in near 100% false recognition. One participant withdrew due to
minor discomfort from the effects of stimulation. Reported results are from the 52 remaining
participants (29 females). All participants gave written, informed consent in a manner approved
by the Human Research Protection Program (HRPP) of Brooklyn College of the City University
of New York.
Transcranial direct current stimulation protocol. Transcranial direct current was
delivered through a battery-driven constant current stimulator (1x1 Transcranial Direct Current
(tDCS) Low-Intensity Stimulator Model 1224-B, Soterix Medical, USA) via rubber electrodes
encased in a pair of saline-soaked electrode sponge pockets (5 cm x 7 cm). To stimulate the
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posterior parietal cortex, the anode was placed over site CP3 and cathode over site CP4
according to the International 10–20 System for EEG electrode placement. We chose this
bilateral montage for two reasons. First, based on computer simulations provided by tDCS

ExploreTM, Soterix Medical’s Neurotargeting software (Datta et al., 2009), this montage showed
changes in current within the parietal cortex (See Figure 1.1) with less current flowing through
adjacent regions compared to models using unilateral montages. Unilateral montages generally
place the opposing polarity over the frontal eye field, thereby sending the current through this
region as well (e.g. Clemens, et al. 2014; Hauser, Rotzer, Grabner, Merillat, & Janicke, 2013;
Manenti, et al., 2013). Second, bilateral stimulation has been shown to have a benefit over
unilateral by enhancing the effect of tDCS compared to the unilateral setup, presumably by
attenuating interhemispheric inhibition (Vines, Cerruti & Schlaug, 2008).

	
  
Figure 1.1. Computational models of cortical currents flowing through the lateral PPC during
tDCS, with the anode placed over CP3 and the cathode placed over CP4 using tDCS ExploreTM,
Soterix Medical’s Neurotargeting software. Warmer colors depict higher field intensity and
arrows depict the direction of current flow. Slice coordinates are given using the Montreal
Neurological Institute (MNI) system. Active stimulation was administered for ten minutes at
2mA in Experiment 1, and twenty minutes at 2mA in Experiment 2.

The experiment adopted a between subjects design to avoid carryover effects from the

Pergolizzi, Denise

32	
  

similarities in word lists. Participants received either active (n=26) or sham (n=26) stimulation.
During the active stimulation condition, a constant current of 2mA (current density of 0.06
mA/cm2) was applied for a total of 10 minutes, not including 1 minute of ramp up and ramp
down at the beginning and end of stimulation. In the sham stimulation condition, the stimulator
ramped up at the beginning to 2mA and immediately ramped down to 0.1mA, it then ramped up
and down again at the end of the 10-minute stimulation period. This sham procedure has been
shown to be an effective control for mimicking the sensation of tDCS without the longer term
neuronal effects and participants have shown difficulty distinguishing sham and active
stimulation using this procedure (Gandiga et al., 2006).
Stimuli and Procedure. Stimuli were presented using Psychopy v.1.74.00 (Peirce, 2009)
on an Apple iMac 21.5-inch 3.1 GHz Intel Core i5 computer. Stimuli consisted of 12 lists from
the Roediger and McDermott (1995) word lists. The 12 lists were divided into two sets of 6 lists
labeled A and B. Participants were counterbalanced to receive A during stimulation/B after
stimulation or B during stimulation/A after stimulation. Each list consists of 15 words associated
to the “critical lure” word, and were sorted in descending associativity from the critical lure.
During study, the first 12 associates from each of the six lists (total 72 items) were presented on
screen in sequential order for 3 s (0.5s ISI) per item with no intervals between the presentations
of each list. Participants were asked to make semantic judgments about the words (object/not
object?) via button press. The study session lasted approximately 5 minutes.
After the first five minutes of stimulation, the recognition test began. The period of five
minutes was chosen because it has been shown to be the minimum duration necessary to produce
after effects (i.e. observable changes in behavior that persist after stimulation has ended) (Nitsche
& Paulus, 2000; for review, see Stagg & Nitsche, 2011).
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To measure the direct effects and after effects of tDCS of the PPC on recognition, we
administered two experimental sessions, 1) study followed by stimulation during retrieval (at
test) to observe the direct effects of tDCS on memory and 2) a second study and test session 20
minutes after stimulation had ended to observe the after effects of tDCS on memory.
After study, participants watched episodes of the television show "It's Always Sunny in
Philadelphia" while being prepared for tDCS. Following setup and five minutes of stimulation
participants completed a 72-item recognition test. The 72-item recognition test included 24
studied, 24 related non-studied lures, and 24 unrelated lures (i.e., words that were not studied nor
semantically related to the studied words). The 24 related lures corresponded to two categories:
(1) 6 critical lure words that the lists of words converged on, and (2) 18 weakly related lure
words (3 per list) drawn from positions 13, 14, and 15 of the 15 item associates list according to
the method used in Roediger and McDermott (1995).
Words were presented on screen in random order and the duration of the stimuli was selfpaced. During word presentation, participants were instructed to judge each item as old (studied)
or new (not studied), followed by a confidence judgment using a 4-point rating scale of 1
(guess), 2 (slightly sure), 3 (sure), 4 (very sure).
After completion of stimulation, participants received a 20-minute break before
administration of the second study session. In the second session, the counterbalanced set of 6
lists (A or B) was presented in the same manner. Because tDCS was not administered in this
session, participants took a break between study and test phase equivalent to the time taken to
setup tDCS plus administering 5 minutes of stimulation. As a result, the second test phase took
place approximately 40 minutes after stimulation. There were no significant findings related to
stimulation condition in any of the behavioral data from the second session, suggesting effects of
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tDCS had worn off, so they are not discussed further.
Data Analyses. To assess recognition memory, old/new responses were calculated as
proportion of correct responses for hits and correct rejections (CR) and proportion of incorrect
responses for misses and false alarms (FA), and analyzed using signal detection theory (SDT:
Green & Swets, 1966). Because we were interested in false alarm rates, we quantified false
alarm rates based on the different lure types yielding three conditions for lure type: 1) FA critical
lures, 2) FA weakly related lures, 3) FA unrelated lures. Sensitivity (d’) and response bias (C)
were calculated between hits and all false alarms, FA critical lures, FA weakly related lures and
FA unrelated lures. The formulas used for d’ and C are as follows:
d’ = z(1-FA) – z(1-Hits)
C= z(1-FA) – d’ / 2
Mean reaction times were calculated for all the above recognition categories.
To assess subjective memory, mean confidence ratings were calculated based on
behavioral responses (i.e., hits, misses, correct rejections and false alarms). Proportion of
responses and confidence ratings were compared between active and sham stimulation
conditions using ANOVAs and independent samples t-tests in SPSS and were considered
significant at p<0.05, two-tailed. For participants who had no misses, CRs or FAs, confidence
data could not be calculated. When cases were missing, the Ns are reported in the statistics in
the text. Otherwise the number of participants in each group is 26.
Measures of effect size are reported as Cohen’s d for differences between two means and
ηp2 for differences between more than two means. Observed power is reported for all analyses,
which is the calculated post-hoc power provided by SPSS.
Results
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Recognition. To assess if active stimulation differentially affected hits and false alarms,
in general, we compared hits and all false alarms (collapsed across critical lures, weakly related
lures, and unrelated items) using a two way mixed design ANOVA with the recognition type
(hits, FA) as a within-subjects factor, and stimulation condition (active vs. sham) as a betweensubjects factor. Hit rate (Mean ± SEM, 87.3% ± 0.01) was greater than false alarm rate (Mean ±
SEM, 22.6% ± 0.02) as shown by a significant main effect of recognition type [F(1, 50) =
1620.579, p<0.0001, ηp2 = 0.970, observed power = 1.0], showing that both groups performed
well on the task. There was no main effect of stimulation condition [F(1, 50) = 1.255, p>0.26,
ηp2 = 0.024, observed power = 0.196], or interaction effect of recognition type x condition [F(1,
50) = 2.821, p>0.09, ηp2 = 0.053, observed power = 0.377]. To assess if stimulation affected
discriminability between old and new items, or encouraged a response bias toward “old”, an
independent samples t-test was performed on sensitivity (d’) (Mean ± SEM, Active: 1.94 ±
0.094; Sham: 2.13 ± 0.098) and bias (C) (Mean ± SEM, Active: -0.2577 ± 0.063; Sham: -0.1807
± 0.065). There were no significant differences between stimulation conditions on sensitivity
(d’) [t(50) = 1.427, p>0.16, d = 0.396, observed power = 0.288] or bias (C) [t(50) = 0.854, p>0.4,
d = 0.237, observed power = 0.133].
We were specifically interested in the effects of tDCS on different types of false alarms:
1) FA critical lures, 2) FA weakly related lures, and 3) FA unrelated lures. We performed a twoway ANOVA with the lure type as a within-subjects factor, and stimulation condition (active vs.
sham) as a between-subjects factor, and found a significant main effect for lure type [F(2, 100)=
153.03, p<0.0001, ηp2 = 0.754, observed power = 1.0], with greater false alarm rates to the
critical lure (Table 1.1). Importantly, there was also a main effect of stimulation condition, [F(1,
50) = 4.934, p< 0.03, ηp2 = 0.090, observed power = 0.587]; active stimulation had numerically
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greater false alarms across all lure types (Mean + SEM: 36.6% ± 0.026) compared to sham
(Mean + SEM: 28.6% ± 0.026). Additionally, an interaction effect approached significance,
[F(2, 100) = 3.043, p<0.052, ηp2 = 0.057, observed power = 0.577] (Figure 1.2A). Follow up

independent samples t-tests showed the marginal interaction was driven by significantly greater
FA rates to critical lures during active stimulation (Mean + SEM: 71% ± 0.047) compared to
sham (Mean + SEM: 54 % + 0.054); t(50) = -2.310, p<0.025, d = -0.641, observed power =
0.620), but not for weakly related [t(50) = -1.209, p>0.23, d = -0.335, observed power = 0.220],
or unrelated lures [t(50) = -.922, p>0.37, d = -0.256, observed power = 0.148].
Table 1.1: Experiment 1 and 2 Means and SEM for recognition performance. Bold items
indicate significant differences in active stimulation conditions as reported from ANOVAs in the
text.
Recognition
Sham

Experiment 1

	
  

Hits

0.87 (0.02)

Left Anode
/Right
Cathode
0.87 (0.02)

Right
Anode/Left
Cathode

False Alarms

0.20 (0.02)

0.25 (0.02)

critical lures

0.54 (0.05)

0.71 (0.05)

weak lures

0.19 (0.03)

0.24 (0.03)

unrelated lures

0.12 (0.01)

0.15 (0.02)

Hits

0.86 (0.02)

0.88 (0.01)

0.90 (0.02)

False Alarms

0.40 (0.03)

0.51 (0.03)

0.51 (0.03)

critical lures

0.59 (0.03)

0.50 (0.04)

0.50 (0.04)

unrelated lures

0.30 (0.03)

0.41 (0.04)

0.42 (0.04)

Experiment 2
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Figure 1.2: Experiment 1 effects of stimulation on false recognition based on lure type. A)
Proportion items endorsed as “old” for the three lure types (critical, weakly, and unrelated)
categorized by decreasing levels of associativity to studied items. Active stimulation
significantly increased FAs (p<0.03) and produced a trend level interaction (p<0.052) driven by
an increase in FA critical lures (*p<0.05). B) Sensitivity (d’) (ability to discriminate studied
items from unstudied items) revealed a significant decrease in discrimination between old and
new items specific to critical lures (*p<0.05).
Consistent with the false alarm rates, estimates of sensitivity (d’) between hits and FA
critical lures revealed decreased sensitivity during active stimulation (Mean ± SEM: .612 ± 0.14)
compared to sham (Mean ± SEM: 1.1 ± 0.15), [t(50) = 2.339, p<0.02, d = 0.649, observed power
= 0.631], but no significant effect in the other lure types (Figure 1.2B). There was no significant
difference in bias (C) for lure type.
Confidence. We examined confidence ratings for each recognition decision (hits, CR,
FA, miss) between stimulation conditions using a two way mixed design ANOVA. Confidence
ratings for hits (Mean ± SEM, 3.66 ± 0.046) were significantly greater than CR (Mean ± SEM,
3.3 ± 0.07), FA (Mean ± SEM, 3.1 ± 0.07) and misses (Mean ± SEM, 2.7 ± 0.103) in both active
and sham conditions as shown by a significant main effect of average confidence ratings [F(3,
135) = 53.913, p<0.0001, ηp2 = 0.545, observed power = 1.0]. There was no main effect of
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stimulation condition [F(1, 45) = .533, p>0.47, ηp2 = 0.012, observed power = 0.110]. There
was, however, a significant interaction between confidence ratings and stimulation condition
[F(3, 135) = 3.513, p<0.02, ηp2 = 0.072, observed power = 0.772]. Follow-up t-tests revealed no
significant differences in confidence ratings between groups, all p’s>0.1, instead the interaction
was driven by how confidence ratings were given within each group, particularly in relation to
false alarms. In the active group, confidence ratings for CRs were similar to FAs [t(25) = .217,
p>0.8, d = 0.082, observed power = 0.068], but showed higher confidence in FAs than misses
[t(24) = -5.845, p<0.0001, d = -1.125, observed power = 1.0]. In contrast, in the sham group,
confidence ratings for CRs were greater than for FAs [t(25) = 2.659, p<0.013, d = 0.483,
observed power = 0.724], but confidence for FAs and misses were similar [t(21) = -1.356,
p>0.19, d = -0.302, observed power = 0.253]. This pattern suggests that active stimulation
altered confidence for false recognition in a way that made false alarms feel more similar to
correct rejections compared to misses. The interaction can be seen in Figure 1.3.

Figure 1.3: Experiment 1 confidence ratings across correct recognition judgments (H=hits and
CR=correct rejection) and memory errors (M=misses and FA=false alarms) within active (dark
gray) and sham (light gray) stimulated participants. A significant interaction of stimulation and
recognition judgment was found, and can be seen here largely driven by differences in ratings for
false alarms within groups (*p<0.05). In the active group, confidence in FAs differed from
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misses, and not CRs, whereas in the sham group, confidence in FAs differed from CRs, but not
misses.

To determine if the effect on confidence was driven by lure type, we examined
confidence ratings in a 3 (critical, weakly related, unrelated lures) x 2 (active, sham) mixed
ANOVA. There was a main effect of lure type, with critical lures given higher confidence
ratings (Mean ± SEM, 3.291 ± 0.065) than unrelated lures (3.124 ± 0.106), which were higher
than weakly related (2.978,± 0.103) [F(2,90) = 3.910; p<0.03, ηp2 = 0.080, observed power =
0.692]; but no main effect of stimulation condition [F(1,45) = 0.330; p>0.57, ηp2 = 0.007,
observed power = 0.087] or an interaction [F(2,90) = 1.099; p>0.33, ηp2 = 0.024, observed power
= 0.238]. Thus, lure type did not directly influence changes in confidence related to stimulation.
Experiment 1 Discussion
Experiment 1 showed evidence that the parietal cortex has a causal role in episodic
recognition, with increased rates of false alarms to critical lures and altered confidence with
active tDCS over the parietal cortex. The goals for Experiment 2 were to replicate this effect and
to further understand the relationship between parietal stimulation and subjective aspects of
memory. Experiment 2 follows a similar procedure to Experiment 1. However, in Experiment 1
there were only 6 critical lure trials used, and in Experiment 2, we increased the number of trials
so that there were 46 critical lures. We also used the same number of critical lures and unrelated
lure trials such that there were also 46 unrelated lures. We expected the increased trials would
give us more power to detect differences in false recognition, particularly for the critical lures.
Due to increasing the amount of trials, however, it was also expected that there would be more
errors overall as it has been shown that increased list length leads to decreased memory
performance (e.g., Gronlund & Elam, 1994; Ratcliff Clark, & Shiffrin, 1990; Strong, 1912). In
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other words, false alarms may be increased overall generalizing to unrelated lures as well.
Furthermore, in Experiment 1, altering parietal excitability also altered the pattern of
confidence ratings given suggesting the parietal cortex plays a role in subjective memory
processes that can lead to false recognition. It is unclear if the basis of altered confidence was
due to the subjective sense of greater memory strength, or recollection versus familiarity.
Therefore, we added remember/know judgments (Tulving, 1985; Gardiner, & RichardsonKlavehn, 2000).
Lastly, in Experiment 1 we employed a bilateral montage, with the anode placed over
CP3 and the cathode placed over CP4 of the parietal cortex. This means the left and right
hemisphere of the parietal cortex were simultaneously stimulated with opposing polarities.

Specifically, the left hemisphere was exposed to the anode, which is thought to increase cortical
excitability, whereas the right hemisphere was exposed to the cathode, which is thought to
decrease cortical excitability (Nitsche & Paulus, 2000). To test whether the direction of current
flow made a difference, we added an additional bilateral montage by reversing the sites of
stimulation, placing the anode over CP4 and the cathode over CP3. Thus, in Experiment 2, there
was an additional group receiving active stimulation to determine if the effects are both
replicable and due to stimulation of the cortex in general, irrespective of the montage used, or
selective to the polarity administered to each hemisphere.
Experiment 2
Methods
Participants. Our sample consisted of 75 Brooklyn College undergraduate students (47
females; mean age 20.9 ± 3.4. years) who gave written, informed consent to participate in this
study for course credit or $10 remuneration. Participants had normal or corrected to normal
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vision and were fluent English speakers naïve to the purpose of the study. Exclusion criteria
were identical to Experiment 1. Results reported are from 72 participants, as 3 participants did
not comply with the task and continually pressed a single button. All participants gave written,
informed consent, in a manner approved by the Human Research Protection Program (HRPP) of
Brooklyn College of the City University of New York.
Transcranial direct current stimulation. The device and stimulation protocol was
identical to Experiment 1, except we had a stimulation period of 20 minutes because the memory
test was longer, and added an additional active tDCS group. This group (n=24) had the cathode
placed over site CP3 and anode over site CP4 of the International 10–20 System for EEG
electrode placement, and we will refer to this as right anode/left cathode stimulation. The other
active group, with the anode placed over CP3 and the cathode placed over CP4 (n=24), will be
referred to as left anode/right cathode stimulation. The sham group (n=24) had the anode placed
over CP3 and the cathode over CP4.
Stimuli and procedure. Stimuli consisted of 46 lists from the Roediger & McDermott
(1995) word lists. For study, the 46 lists were divided into two sets of 23, ten-word lists (labeled
A and B; total 230 words). The Roediger and McDermott (1995) word lists consist of 15 words
associated to a critical lure. Words from positions 1, and 3-11, were presented for study.
Participants were counterbalanced to study list A or list B presented using Psychopy version
1.78.0 (Peirce, 2009) on a Dell Intel core i5 running Windows connected to a 22 inch Dell
monitor. During study, words were presented on screen in sequential order from position 1 for
each list for 2.5 s (0.5s ISI) per item and participants were asked to make a semantic judgment
(object/not object?) for each word via button press. The study session lasted 11.5 minutes.
After study, participants were prepared for tDCS. Stimulation began for five minutes
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before the test was administered. Stimulation continued throughout the recognition test, which
consisted of 138 words: 46 studied items from positions 1 and 8 of the original study list, 46
critical lures from the critical lures and position 2 (unpresented) from each studied list, and 46
unrelated lures. Unrelated lures were taken from positions 1 and 8 from the alternate study lists
(if the participant studied set A, unrelated lures were from Set B, and vice versa). For each test
word, participants were instructed to make ‘remember’, ‘know’, or ‘new’ judgments.
Remember/know instructions were read from Gardiner and Java (1990). Following each
recognition judgment, participants made a confidence judgment using a 4-point rating scale of 1
(guess), 2 (slightly sure), 3 (sure), and 4 (very sure).
Data Analyses. To assess recognition memory, old/new responses were calculated as
proportion of correct responses for hits and correct rejections (CR) and proportion of incorrect
responses for misses, and false alarms (FA), and analyzed using signal detection theory (SDT:
Green & Swets, 1966). We used the SDT calculations for sensitivity to discriminate between hits
and false alarms (d’).
Because we were interested in false alarm rates, we quantified false alarm rates based on
the different lure types yielding two conditions for lure type, 1) critical lures and 2) unrelated
lures. Mean reaction times were calculated for all the above false recognition categories but
yielded no significant differences and are not reported below.
Remember/know responses were calculated as proportions of each response from hits,
correct rejections, false alarms and misses. To assess subjective memory, mean confidence
ratings were calculated based on behavioral responses (i.e., hits, misses, correct rejections and
false alarms).
Proportion of responses and confidence ratings were compared between active and sham
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stimulation conditions using ANOVAs and independent samples t-tests in SPSS and were
considered significant at p<0.05, two-tailed. Because our goal was to compare the effect of
active stimulation on performance to sham we focus on the significant main effects and
interactions from stimulation to the PPC. As in Experiment 1 measures of effect size are
reported as Cohen’s d for differences between two means and ηp2 for differences between more
than two means. Observed power is reported for all analyses, which is the calculated post-hoc
power provided by SPSS.	
  
Results
Recognition. To assess if tDCS over the parietal cortex affected hits and false alarms,
we performed a 3 (stimulation: sham, left anode/right cathode, right anode/left cathode) x 2
(recognition: hits, false alarms) ANOVA, collapsed across Remember (R) and Know (K)
judgments, confidence, and lure type. There was a main effect of stimulation [F(2, 69) = 3.20,
p<0.05, ηp2 = 0.085, observed power = 0.595] (Mean ± SEM, sham: 0.629 ± 0.023; left
anode/right cathode: 0.706 ± 0.023; right anode/left cathode: 0.691 ± 0.023), a main effect of
recognition [F(1, 69) = 663.797, p<0.001, ηp2 = 0.906, observed power = 0.1], but no significant
interaction [F(2, 69) = 2.443, p>0.1, ηp2 = 0.066, observed power = 0.476]. We were mainly
interested in differences for left anode/right cathode vs. sham and right anode/left cathode vs.
sham stimulation, so, to follow up the significant main effect of stimulation, we performed 2
separate two-way ANOVAs.
We first examined the data using the same left anode/right cathode montage that we used
in Experiment 1. A 2 (stimulation: left anode/right cathode, sham) x 2 (recognition: hits, false
alarms) ANOVA showed a marginally significant main effect of stimulation [F(1, 46) = 3.644,
p<0.063, ηp2 = 0.073, observed power = 0.464] and a main effect of recognition [F(1, 46) =
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451.631, p<0.0001, ηp2 = 0.908, observed power = 1.0], which was qualified by a recognition x
stimulation interaction [F(1, 46) = 4.410, p<0.041, ηp2 = 0.087, observed power = 0.538] (Figure
1.4). Follow up t-tests were performed using Bonferroni adjusted alpha levels of .025 per test
(.05/2). Results revealed that the left anode/right cathode group made more false alarms (Mean ±
SEM, 0.505 ± 0.033) than the sham group (Mean ± SEM, 0.403 ± 0.033) and this approached
significance; p<0.03; Table 1.1), but the groups did not differ on hits (Mean ± SEM, Left
anode/right cathode: 0.877 ± 0.019; Sham: 0.855 ± 0.019; p>0.43).

Figure 1.4: Experiment 2 hits and false alarm rates irrespective of lure type. We performed
separate two-way ANOVAs for right anode/left cathode vs. sham and left anode/right cathode
vs. sham. There were main effects of stimulation in both groups. Left anode/right cathode
stimulation showed significantly greater false alarms (*p<0.05), but no difference in hits
compared to sham stimulation. Right anode/left cathode stimulation showed significantly greater
false alarms and hits than sham (*p<0.05).

We next compared our other parietal montage (right anode/left cathode) to sham. A 2
(stimulation: right anode/left cathode, sham) x 2 (recognition: hits, false alarms) ANOVA
showed that right anode/left cathode stimulation (Mean ± SEM, 0.76 ± 0.022) was significantly
different from sham stimulation (Mean ± SEM, 0.629 ± 0.022), as indicated by a main effect of
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stimulation [F(1, 46) = 6.250, p<0.016, ηp2 = 0.120, observed power = 0.687] (Figure 1.4; Table
1.1). There was also a main effect of recognition [F(1, 46) = 459.755, p<0.0001, ηp2 = 0.909,
observed power = 1.0], with hits (Mean ± SEM, 0.878 ± 0.012) being greater than false alarms
(Mean ± SEM, 0.456 ± 0.023), but no interaction [F(1, 46) = 2.493, p>0.12, ηp2 = 0.051,
observed power = 0.340]. These findings suggest that right anode/left cathode stimulation over
the parietal cortex leads to increased hits and false alarms, whereas left anode/right cathode
stimulation only reached significance for false alarms. Given these findings, it may be thought
that the differences in stimulation groups may reflect differences in laterality of function.
However, the bilateral montage did not test laterality and, as discussed in the previous section,
may produce mixed effects. Furthermore, as seen in Figure 1.4, left anode/right cathode
stimulation did show a numerical trend for higher hits as well and so we cannot rule out that the
subtlety of stimulation was unable to reveal congruent effects across stimulation groups.
We also calculated d’ and C from hits and the false alarm rate irrespective of lure type.
Participants showed a moderate discrimination of hits from lures, with d’ values (Mean ± SEM)
of 1.4 ± 0.089 in the sham stimulation group, 1.25 ± 0.072 in the left anode/right cathode
stimulation group and 1.2 ± 0.078 in the right anode/left cathode stimulation group. The d’
values were not significantly different based on stimulation group [F(2,69) = 1.949, p>0.1, ηp2 =
0.053, observed power = 0.391], indicating no difference in sensitivity. C values were also nonsignificant [F(2,69) = 2.163, p>0.1, ηp2 = 0.059, observed power = 0.428], indicating no
difference in bias.
We then examined false recognition based on the two lure types (critical and unrelated
lures) by groups. A 3 (stimulation group: left anode/right cathode, right anode/left cathode,
sham) x 2 (lure type: critical, unrelated lures) ANOVA showed a main effect of stimulation
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group [F(2, 69) = 3.403, p<0.05, ηp2 = 0.090, observed power = 0.622] and false alarm type [F(1,
69) = 232.704, p<0.001, ηp2 = 0.771, observed power = 1.0] but no interaction effect [F(2, 69) =
0.210, p>0.8, ηp2 = 0.006, observed power = 0.082]. Both left anode/right cathode and right
anode/left cathode stimulation produced greater false recognition for critical lures (left
anode/right cathode: 0.60 ± 0.17, t(46) = -2.084, p<0.05, d = -0.607, observed power = 0.540;
right anode/left cathode: 0.60 ± 0.03, t(46) = -2.084, p<.005, d = -0.602, observed power =
0.532) and unrelated lures (left anode/right cathode: 0.41 ± 0.17, t(46) = -2.084, p<.005, d = 0.626, observed power = 0.565; right anode/left cathode: 0.42 ± 0.19, t(46) = -2.341, p<0.03, d =
-0.676, observed power = 0.630) compared to sham (critical lures: 0.50 ± 0.03; unrelated lures:
0.24 ± 0.31), but were not significantly different from one another (critical lures: t(46) = -0.084,
p>0.9, d = -0.024, observed power = 0.051; unrelated lures: t(46) = 0.265, p>0.7, d = 0.076,
observed power = 0.058). This finding both replicates the finding from Experiment 1 that left
anode/right cathode stimulation leads to increased false alarms for critical lures, and also shows a
similar effect with right anode/left cathode stimulation. In contrast to Experiment 1, these data
show that stimulation also led to increased false alarms for unrelated lures, possibly related to the
increased number of trials in Experiment 2.
Remember/know. The proportion of remember/know judgments were calculated for
hits and false alarms and analyzed using a 3 (stimulation group) x 2 (remember, know) x 2 (hits,
false alarms) ANOVA. There were no significant main effect of stimulation group, F(2,69) =
.0805, p>0.4, ηp2 = 0.023, observed power = 0.182 or interactions between stimulation group and
remember/know judgments [F(2,69) = 1.363, p>0.3, ηp2 = 0.023, observed power = 0.182] or
hits and false alarms [F(2,69) = 0.805, p>0.5, ηp2 = 0.038, observed power = 0.284].
Confidence. The mean confidence ratings can be seen in Figure 1.5. As in Experiment 1,

47	
  

Pergolizzi, Denise
we examined confidence ratings for each recognition decision (hits, CR, FA, miss) between
stimulation conditions using a two way mixed design ANOVA. There was no main effect of
stimulation condition [F(2, 62) = 2.195, p>0.1, ηp2 = 0.066, observed power = 0.432], but there
was a trend-level significant interaction between confidence ratings and stimulation type [F(6,
186) = 1.955, p<0.08, ηp2 = 0.059, observed power = 0.709]. Because this paralleled the
interaction in Experiment 1, we decided to follow up this marginal interaction and examined
within and between group differences in confidence. In contrast to Experiment 1, there was a
significant between groups difference in confidence; confidence ratings were greater during
correct rejections following left anode/right cathode stimulation (Mean + SEM: 3.27 ± 0.09)
compared to sham (Mean + SEM: 2.95 ± 0.12; t(46) = -2.113, p<0.04, d = -0.610, observed

power = 0.544), whereas confidence ratings during correct rejections for right anode/left cathode
(Mean + SEM: 3.11 ± 0.12) was not significantly different from sham [t(46) = -0.923, p>0.37, d
= -0.267, observed power = 0.148] or left anode/right cathode stimulation [t(46) = -1.10, p>0.28,
d = 0.318, observed power = 0.190].

	
  
Figure 1.5: Experiment 2 average confidence ratings for hits (H), correct rejections (CR), false
alarms (FA) and misses (M). There was a marginal interaction, with left anode/right cathode
stimulation having greater confidence for correct rejections than sham (*p<0.05), but right
anode/left cathode stimulation being equal to sham and left anode/right cathode stimulation.
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As in Experiment 1, to determine if confidence was effected by lure type we ran a mixed
ANOVA which revealed a main effect of lure type [F(1, 69) = 11.866, p<0.001, ηp2 = 0.147,
observed power = 0.925], but no main effect of stimulation [F(2, 69) = 2.022, p>0.14, ηp2 =
0.030, observed power = 0.231], or interaction [F(1, 69) = 1.076, p>0.34, ηp2 = 0.055, observed
power = 0.404], which is consistent with Experiment 1.
General Discussion
Using tDCS, we showed that the lateral PPC has a causal role in recognition memory.
Experiments 1 and 2 showed that active stimulation over the parietal cortex led to increased false
recognition rates. Furthermore, in Experiment 2, there was also a main effect with increased hits
and false alarms with the right anode/left cathode montage, suggesting that there may be some
hemispheric differences in how the lateral PPC contributes to memory. Our findings with tDCS,
when combined with previous fMRI (Cabeza, Rao, Wagner, Mayer & Schacter, 2001; Kim &
Cabeza, 2007; Kahn, et al., 2004; Wheeler & Buckner, 2003) and lesion work (Davidson, et al.,
2008; Drowos, et al. 2010), provide converging evidence that the parietal cortex has a causal role
in recognition memory, and most consistently in processes that can lead to false recognition.
These results may have implications for our theoretical understanding of how the PPC
contributes to recognition memory.
Theoretical Contributions of the PPC in recognition memory
One theory is that the PPC has a role in the perceived oldness of a memory, regardless of
accuracy, and, at first glance, our finding that tDCS enhanced false recognition appears most
consistent with perceived oldness. Initial support for this theory came from fMRI studies
showing increased PPC activity when judging an item as “old,” even if the judgment is false,
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compared to judging an item as “new” (Kahn, et al., 2004; Wheeler & Buckner, 2003).
Additionally, several fMRI studies have shown various modulations by confidence in the PPC
such that activity increases for high confidence false recognition compared to high confidence
true recognition (Kim & Cabeza, 2007), increases activity with increasing levels of confidence
(Johnson, Suzuki & Rugg, 2013; Yonelinas, 2005) and is modulated by confident correct
recognition (Kim and Cabeza, 2009). Lastly, PPC shows greater activity for all confidence
judgments irrespective of accuracy compared to memory judgments (Chua, et al. 2006; 2009),
suggesting the PPC is involved in subjective aspects of memory. This is consistent with reports
from lesion patients that generally show no changes to recognition accuracy (Ally, Simons,
McKeever, Peers, & Budson, 2008; Davidson et al., 2008; Haramati, Soroker, Dudai, & Levy,
2008; Simons et al., 2008, 2010) but altered subjective experiences of remembering in the form
of decreased memory confidence (Davidson, et al. 2008; Simons, et al., 2010) and decreased
“remember” responses suggesting their subjective recollection is affected (Davidson, et al., 2008;
Drowos, et al. 2010). In our study, altered excitability of the PPC via tDCS may have enhanced
perceived oldness for more items resulting in increased false recognition, and sometimes true
recognition, indicating a causal role of the PPC in subjective aspects of memory.
If the PPC has a causal role in subjective aspects of memory, then we would expect to see
differences in confidence ratings (Busey, Tunicliff, Loftus, & Loftus, 2000; Chua, RandGiovanetti, Schacter, Albert, & Sperling, 2004; Chua, et al. 2006; 2009), but alterations to
memory confidence in our study were subtle. This subtlety may relate to overlapping activations
shown for high confidence true and high confidence false recognition in the parietal cortex (Kim
& Cabeza, 2007), suggesting processes underlying true and false recognition may have been
simultaneously effected by tDCS. Nevertheless, our findings pose some problems for a general
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role of the PPC in subjective aspects of memory. The alterations in confidence we showed were
that: 1) actively stimulated participants had similar confidence for correct rejections and false
alarms in Experiment 1, and 2) there was increased confidence for correct rejections using the
left anode/right cathode montage in Experiment 2. Interestingly, in our work, confidence was
only affected for judgments of new, but not old information, which would be contrary to the
perception of oldness account. Furthermore, in Experiment 2, we did not find changes to
subjective recollection as the proportion of remember/know responses were unchanged. The
restricted effects on confidence and absence of effects on subjective recollection in our study are
problematic for subjective memory theories. The process that underlies parietal contributions to
false recognition would need to account for these data.
Even though false recognition is for new items, these items evoke a memory signal
because they are related to the signal for old items, and the PPC may track the strength of this
signal (Hayes, et al., 2011; Suzuki, Johnson & Rugg, 2011). The macaque parietal cortex
accumulates signal strength for memory of a location toward decisions about eye movements
(Gold & Shadlen, 2007; Shadlen & Newsome, 1996) motivating proposals that the PPC acts as a
mnemonic accumulator. In accumulator models of parietal activity (Donaldson, Wheeler, &
Petersen, 2009; Wagner et al., 2005) the PPC is thought to accumulate evidence from elsewhere
in the cortex (most likely medial temporal lobe) and matches the strength of this evidence to a
criterion to be judged old. Evidence for accumulator models includes studies that show PPC
activity increased at retrieval with increased repetitions at encoding (Suzuki, Johnson & Rugg,
2011). Also, when ratings of confidence were used to index memory strength, parietal activity
was shown to be more active for high and low levels of confidence (Hayes, et al. 2011). The
idea that the PPC tracks memory signal strength may account for our findings as well. In
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Experiment 1, stimulation selectively increased false recognition to critical lures, which were
items with greatest associative strength to the items studied. In Experiment 2, stimulation
increased false recognition for critical and unrelated lures. One possible explanation for the
differences between studies relates to false alarm rate. The false alarm rates for unrelated lures
were quite high in Experiment 2, even in the sham condition (~30%, see Table 1.1). Thus, when
false alarm rates are high, stimulation facilitated false recognition. This suggests that stimulation
could have boosted memory strength for items that were already closest to the decision criterion,
causing them to surpass this threshold and be accepted as old.
Another class of theory posits that activity in the PPC correlates with successful retrieval
because of the PPC’s role in visuo-spatial attention (Cabeza, 2008; Cabeza, Ciaramelli &
Moscovitch, 2012; Ciaramelli, Grady, Levine, Ween & Moscovitch, 2010). Briefly, these
theories suggest retrieval leads attention to be directed internally toward mnemonic
representations. False recognition results from bottom-up attentional capture and accurate
recognition results from top-down effortful search for target information (Ciaramelli, Grady,
Levine, Ween & Moscovitch, 2010). The increases in false alarms and hits in our study may be
the result of such shifts in attention to retrieved information. However, these theories of
attention to memory in the PPC (Cabeza, 2008; Cabeza, Ciaramelli & Moscovitch, 2012;
Ciaramelli, Grady, Levine, Ween & Moscovitch, 2010) specify that different subregions of the
parietal cortex subserve different patterns of attentional allocation, which we unfortunately
cannot address due to the spatial resolution of tDCS. Indeed, models of the current flow based
on our montage show widespread areas of current flow across the parietal cortex (Figure 1.1).
Instead, the aforementioned theories give a broad insight into possible attentional mechanisms
that underlie confident false recognition.
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Drawing on accumulator and attention models, one theory of parietal function is that it
integrates internal evidence based on external cues to bias judgments along a memory strength
continuum (Dobbins, Jaeger, Studer, & Simons, 2012). This borrows somewhat from
accumulator models wherein the parietal cortex plays a role in accumulating evidence relative to
a criterion. The amount or type of evidence accumulated, however, is biased by environmental
cues in a manner similar to how environmental cues direct attention to relevant information.
Direct evidence for this comes from one study in which parietal lesion patients failed to
incorporate external cues that validly predicted items as new, suggesting the PPC may be critical
for incorporating external evidence into recognition judgments (Dobbins, et al., 2012) and is
bolstered by fMRI evidence showing increasing parietal activity during memory biasing
behavior (Jaeger, Konkel, & Dobbins, 2013; O’Connor, Han, & Dobbins, 2010). In the DRM
paradigm, critical lures served to externally cue recognition of gist or associative information.
Based on this directed attention to associative information, the PPC may have biased judgments
toward items relevant to thematically related evidence. This may explain the high rates of false
recognition in Experiment 2 compared to Experiment 1. Experiment 1 had fewer trials overall at
retrieval, and only 6 critical lures, whereas Experiment 2 nearly doubled the overall trials, and
there were 46 critical lures, creating a greater bias, allowing endorsement of all classes of lures.
Stimulation may have enhanced the integration of the experimental cues with related evidence,
leading to a greater criterion shift, and thus greater false recognition. Although we believe this
biasing is the likeliest explanation for the difference in Experiments 1 and 2, we also
acknowledge that changes in the recognition judgments, specifically adding remember/know
judgments to Experiment 2, may have also altered decision strategies resulting in differences in
false recognition. Overall, our data align with a decision biasing role of the PPC, and future
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studies should more directly manipulate list strength and experimental cues to determine if and
what factors allow the PPC to adapt decision biases.
Differences between experiments and montages
Although we consistently showed increased false alarms to critical lures with tDCS over
the parietal cortex, other results are somewhat different between Experiments 1 and 2. For
example, in Experiment 2, there were increased unrelated false alarms in both tDCS groups
compared to the sham group. In fact, false alarms rates to unrelated lures were higher overall in
Experiment 2 than in Experiment 1. We can only speculate regarding how or why the false
alarm rates increased, however, it is clear the differences in designs led to differences in memory
performance. The first possible reason for the increased false recognition was expected, in that
the greater list length would yield greater memory errors (e.g. Gronlund & Elam, 1994; Ratcliff
Clark, & Shiffrin, 1990; Strong, 1912) presumably by decreasing processing of studied items. An
additional reason hinges on the possibility that unrelated lures borrowed from unpresented DRM
lists can also lead to activation at test (Coane & McBride, 2006). In other words, the lures are
unrelated to studied items, but not to one another. Doubling the amount of unrelated items in
Experiment 2, combined with increased trials overall, may have yielded more opportunity for
semantic activation and consequently false recognition of their related counterparts.
Our results also showed subtle effects of tDCS on hits depending on the placement of the
anode and cathode over each hemisphere, raising the question about the role of current flow
direction on the parietal cortex. One possibility is that the placement of the anode differentially
increased lateralized processes from the left or right hemisphere. It is important to note,
however, that we used a bilateral montage in our experiments, simultaneously affecting both
areas of cortex. Thus, it is difficult to determine whether the differential effects are related to

Pergolizzi, Denise

54	
  

stimulation of one hemisphere, attenuation of the opposite side, or due to bilateral contributions.
Future work should determine if there are hemispheric differences for a full understanding of
parietal contributions to memory retrieval.
Potential Limitations
One caveat is that we did not directly test the effects of tDCS on other cortical areas, and
brain stimulation from both parietal montages led to increased false recognition compared to
sham, begging the question whether stimulation to any part of the brain would lead to increased
false recognition. Although we did not directly test this, we do know from other studies that not
all kinds of stimulation will lead to increased false recognition. For example, Boggio et al.
(2009) stimulated the anterior temporal lobe with anodal tDCS during both encoding and
retrieval using a modified DRM paradigm, and showed a reduction in false recognition.
Therefore, it reasons that the application of tDCS to the cortex does not always lead to increased
false recognition.
Although it is generally assumed that there is excitation under the anode and inhibition
under the cathode, this may be an oversimplification. The anodal versus cathodal effects are
primarily based on tDCS studies on the motor cortex (for a review see Stagg & Nitsche, 2010).
Some studies investigating recognition memory have observed this pattern as well with improved
recognition performance when the anode was placed over dlPFC (Javadi & Walsh, 2012;
Manenti, et al., 2013), parietal cortex (Jacobsen, Goren, Lavidor, & Levy, 2012), and anterior
temporal cortex (Ross, McCoy, Coslett, Olson, & Wolk, 2010; 2011) whereas recognition
performance was impaired when the cathode was placed over the dlPFC (Hammer, Mohammadi,
Schmicker, Saliger, & Munte, 2011; Javadi & Walsh, 2012). Using this framework our bilateral
montage would simultaneously facilitate one half the cortex while attenuating the other.
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However, there are also contradictory effects in the literature; studies have shown that anodal
stimulation slowed reaction time (Marshall, Molle, Siebner, & Born, et al. 2005) and reduced
false recognition similar to TMS (Boggio, et al., 2009), suggesting the anode can also interfere
with neural activity. Similarly, cathodal stimulation has enhanced performance, notably over the
PPC, on timing ability (Vicario, Martino & Koch, 2013), naming (Monti, et al. 2008) and
visuomotor coordination (Antal et al., 2004). Therefore effects of tDCS may be more complex
than merely facilitating or interfering with cortical processing.
Our stimulation parameters with tDCS led to altered excitability across large areas of
parietal cortex, spanning both hemispheres. Thus, we are unable to conclude which specific
areas of parietal cortex have a causal role in recognition memory. Indeed, within the lateral PPC
there are multiple cytoarchitechonic subregions, each implicated in different mnemonic and
cognitive processes (e.g. Hutchinson, et al. 2012; Cabeza, 2008; Ciaramelli, et al. 2010; Vilberg
& Rugg, 2008). Future research with TMS, which can stimulate the brain more focally (Toschi,
Welt, Guerissi, & Keck, 2009), may be a fruitful avenue for pursuing which subregion of the
PPC contributes to specific aspects of recognition memory. Nevertheless, our findings using a
weaker, less focal form of brain stimulation (Nitsche & Paulus, 2000) demonstrate that the PPC
does indeed have a causal role in recognition memory.
Conclusions
Using tDCS during a false memory paradigm, we showed increases in false recognition
for active compared to sham stimulation, which demonstrates that the PPC can be causally linked
to some aspect of memory retrieval. In addition, alterations to hits and confidence were found,
suggesting processes supporting true and false recognition. These findings resonate with various
theoretical frameworks that include the PPC’s role in perceived oldness, mnemonic
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accumulation, decision bias and attention, and have implications for models of PPC activity.
Although these findings do not enable us to specify the mechanisms underlying the parietal role
in retrieval into a singular framework, these data show the necessary premise to further work: the
PPC is causally linked to recognition memory processes.

Pergolizzi, Denise

57	
  

Acknowledgements
The authors would like to thank Marom Bikson and Abhishek Datta for providing the computer
simulations for the C3-C4 montage (Figure 1.1). Support for this project was provided by a
PSC-CUNY Award, jointly funded by The Professional Staff Congress and The City University
of New York.

Pergolizzi, Denise

58	
  

References
Ally, B. A, Simons, J. S., McKeever, J. D., Peers, P. V, & Budson, A. E. (2008). Parietal
contributions to recollection: electrophysiological evidence from aging and patients with
parietal lesions. Neuropsychologia, 46(7), 1800–12.
doi:10.1016/j.neuropsychologia.2008.02.026
Antal, A., Nitsche, M.A., Kruse, W., Kincses, T.Z., Hoffman, K.P. & Paulus, W. (2004). Direct
current stimulation over V5 enhances visuomotor coordination by improving motion
perception in humans. Journal of Cognitive Neuroscience, 16(4), 521-527.
doi:10.1162/089892904323057263
Berryhill, M.E., Jones, K.T.(2012). tDCS selectively improves working memory in older adults
with more education. Neuroscience Letters; 521(2), 148-51. doi:
10.1016/j.neulet.2012.05.074.
Berryhill, M. E., & Olson, I. R. (2008). Is the posterior parietal lobe involved in working
memory retrieval? Evidence from patients with bilateral parietal lobe damage.
Neuropsychologia, 46(7), 1775–86. doi:10.1016/j.neuropsychologia.2008.03.005
Berryhill, M.E., Wencil, E., Coslett, H. B., & Olson, I. (2010). A selective working memory
impairment after transcranial Direct Current Stimulation to the right parietal lobe.
Neuroscience Letters, 479(3), 312–316. doi:10.1016/j.neulet.2010.05.087.A
Boggio, P. S., Fregni, F., Valasek, C., Ellwood, S., Chi, R., Gallate, J., Snyder, A. (2009).
Temporal lobe cortical electrical stimulation during the encoding and retrieval phase
reduces false memories. PloS One, 4(3), 1–5. doi:10.1371/journal.pone.0004959
Buckner, R. L., & Wheeler, M. E. (2001). The cognitive neuroscience of remembering. Nature
Reviews. Neuroscience, 2(9), 624–34. doi:10.1038/35090048
Busey, T. A., Tunnicliff, J., Loftus, G. R., & Loftus, E. F. (2000). Accounts of the confidenceaccuracy relation in recognition memory. Psychonomic Bulletin & Review, 7(1), 26–48.
Cabeza, R., Rao, S. M., Wagner, A.D., Mayer, A.R., & Schacter, D. L. (2001). Can medial
temporal lobe regions distinguish true from false? An event-related functional MRI study of
veridical and illusory recognition memory. Proceedings of the National Academy of
Sciences of the United States of America, 98(8), 4805–10. doi:10.1073/pnas.081082698
Cabeza, R. (2008). Role of parietal regions in episodic memory retrieval: the dual attentional
processes hypothesis. Neuropsychologia, 46(7), 1813–27.
doi:10.1016/j.neuropsychologia.2008.03.019
Cabeza, R., Ciaramelli, E., & Moscovitch, M. (2012). Cognitive Contributions of the Ventral
Parietal Cortex: An Integrative Theoretical Account. Trends in Cognitive Sciences, 16(6),
338–352. doi:10.1016/j.tics.2012.04.008.Cognitive
Cansino, S., Maquet, P., Dolan, R. J., & Rugg, M. D. (2002). Brain activity underlying encoding
and retrieval of source memory. Cerebral Cortex, 12(10), 1048–56.
doi: 10.1093/cercor/12.10.1048
Chua, E.F., Rand-Giovannetti, E., Schacter, D.L., Albert, M.S. & Sperling, R.A. (2004)
Dissociating confidence and accuracy: functional magnetic resonance imaging shows origins
of the subjective memory experience. Journal of Cognitive Neuroscience, 16(7):1131-42.
doi:10.1162/0898929041920568
Chua, E. F., Schacter, D. L., Rand-Giovannetti, E., & Sperling, R. A. (2006). Understanding
metamemory: neural correlates of the cognitive process and subjective level of confidence in
recognition memory.
NeuroImage, 29(4), 1150–60. doi:10.1016/j.neuroimage.2005.09.058

Pergolizzi, Denise

59	
  

Chua, E. F., Schacter, D. L., & Sperling, R. A. (2009). Neural correlates of metamemory: a
comparison of feeling-of-knowing and retrospective confidence judgments. Journal of
Cognitive Neuroscience 21(9), 1751–1765. doi:10.1162/jocn.2009.21123.Neural
Ciaramelli, E., Grady, C. L., & Moscovitch, M. (2008). Top-down and bottom-up attention to
memory: a hypothesis (AtoM) on the role of the posterior parietal cortex in memory
retrieval. Neuropsychologia, 46(7), 1828–51. doi:10.1016/j.neuropsychologia.2008.03.022
Clemens, B., Jung, S., Mingoia, G., Weyer, D., Domahs, F. & Willmes, K. (2014). Influence of
Anodal Transcranial Direct Current Stimulation (tDCS) over the Right Angular Gyrus on
Brain Activity during Rest. PLoS ONE, 9(4), 1. doi: 10.1371/journal.pone.0095984
Coane, J.H. & McBride, D.M. (2006). The role of test structure in creating false memories.
Memory & Cognition, 34(5), 1026-1036. doi: 10.3758/BF03193249
Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., & Bikson, M. (2009). Gyri -precise head
model of transcranial DC stimulation: Improved spatial focality using a ring electrode versus
conventional rectangular pad. Brain Stimulation, 2(4), 201–207.
doi:10.1016/j.brs.2009.03.005
Datta, A., Truong, D., Minhas, P., Parra, L. C., and Bikson, M. (2012). Inter-individual variation
during transcranial direct current stimulation and normalization of dose using MRI-derived
computational models. Frontiers in Psychiatry, 3:91. doi: 10.3389/fpsyt.2012.00091
Davidson, P. S. R., Anaki, D., Ciaramelli, E., Cohn, M., Kim, A. S. N., Murphy, K. J. Troyer,
A.K., Moscovitch, M. & Levine, B. (2008). Does lateral parietal cortex support episodic
memory? Evidence from focal lesion patients. Neuropsychologia, 46(7), 1743–55.
doi:10.1016/j.neuropsychologia.2008.01.011
Deese, J. (1959). On the prediction of occurrence of particular verbal intrusions in immediate
recall. Journal of Experimental Psychology, 58, 17–22
Dobbins, I. G., Rice, H. J., Wagner, A. D., & Schacter, D. L. (2003). Memory orientation and
success: separable neurocognitive components underlying episodic recognition.
Neuropsychologia, 41(3), 318–33.
Dobbins, I. G., Jaeger, A., Studer, B., & Simons, J. (2012). Use of explicit memory cues
following parietal lobe lesions. Neuropsychologia, 50(13), 2992–
3003.doi:10.1016/j.neuropsychologia.2012.07.037.Use
Donaldson, D. I., Wheeler, M. E. and Petersen, S. E. (2010). Remember the source: Dissociating
frontal and parietal contributions to episodic memory. Journal of Cognitive Neuroscience,
22, 377-391. doi: 10.1162/jocn.2009.21242.
Drowos, D. B., Berryhill, M., André, J. M., & Olson, I. R. (2010). True memory, false memory,
and subjective recollection deficits after focal parietal lobe lesions. Neuropsychology, 24(4),
465–75. doi:10.1037/a0018902
Eldridge, L. L., Knowlton, B. J., Furmanski, C. S., Bookheimer, S. Y., & Engel, S. A. (2000).
Remembering episodes: a selective role for the hippocampus during retrieval. Nature
Neuroscience, 3(11), 1149–52. doi:10.1038/80671
Gandiga, P. C., Hummel, F. C., & Cohen, L. G. (2006). Transcranial DC stimulation (tDCS): a
tool for double-blind sham-controlled clinical studies in brain stimulation. Clinical
Neurophysiology, 117(4), 845–50.
Green, D. M., & Swets, J. A. (1966). Signal Detection Theory and Psychophysics. New York:
Wiley.
Gold, J.I. & Shadlen, M.N. (2007). The neural basis of decision making. Annual Review
Neuroscience, 30, 535-574. doi: 10.1146/annurev.neuro.29.051605.113038

Pergolizzi, Denise

60	
  

Grefkes, C., & Ward, N. S. (2013). Cortical Reorganization After Stroke: How Much and How
Functional? The Neuroscientist. doi:10.1177/1073858413491147
Gronlund, S. D., & Elam, L. E. (1994). List-length effect: Recognition accuracy and the variance
of underlying distributions. Journal of Experimental Psychology: Learning, Memory, &
Cognition, 20, 1355-1369. doi : 10.1037/0278-7393.20.6.1355	
  
Guerin, S.A. & Miller, M.B. (2009). Lateralization of the parietal old/new effect: an eventrelated fMRI study comparing recognition memory for words and faces. Neuroimage, 44(1),
232-242. doi: 10.1016/j.neuroimage.2008.08.035.
Hammer, A., Mohammadi, B., Schmicker, M., Saliger, S. & Munte, T.F. (2011). Errorless and
errorful learning modulated by transcranial direct current stimulation. BMC Neuroscience,
12, 72. doi: 10.1186/1471-2202-12-72.
Haramati, S., Soroker, N., Dudai, Y., & Levy, D. A. (2008). The posterior parietal cortex in
recognition memory: a neuropsychological study. Neuropsychologia, 46(7), 1756–66.
doi:10.1016/j.neuropsychologia.2007.11.015
Hauser, T.U., Rotzer, S., Grabner, R.H., Merillat, S. & Jancke, L. (2013). Enhancing
performance in numerical magnitude processing and mental arithmetic using transcranial
Direct Current Stimulation (tDCS). Frontiers in Human Neuroscience, 7, 244. doi:
10.3389/fnhum.2013.00244.
Hayes, S. M., Buchler, N., Stokes, J., Kragel, J., & Cabeza, R. (2011). Neural correlates of
confidence during item recognition and source memory retrieval: evidence for both dualprocess and strength memory theories. Journal of Cognitive Neuroscience, 23(12), 3959–
71. doi:10.1162/jocn_a_00086
Henson, R. N. A., Rugg, M. D., Shallice, T., & Dolan, R. J. (2000). Confidence in recognition
memory for words: dissociating right prefrontal roles in episodic retrieval. Journal of
Cognitive Neuroscience, 12(6), 913–23. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11177413
Henson, R. N. A., Rugg, M. D., Shallice, T., Josephs, O., & Dolan, R. J. (1999). Recollection
and familiarity in recognition memory: an event-related functional magnetic resonance
imaging study. The Journal of Neuroscience, 19(10), 3962–72.
Henson, R. N. A., Shallice, T., Gorno-Tempini, M. L., & Dolan, R. J. (2002). Face repetition
effects in implicit and explicit memory tests as measured by fMRI. Cerebral Cortex, 12(2),
178–86.
Hower, K.H., Wixted, J., Berryhill, M.E., & Olson, I.R. (2014). Impaired perception of
mnemonic oldness, but not mnemonic newness, after parietal lobe damage.
Neuropsychologia, 56, 409-417. doi: 10.1016/j.neuropsychologia.2014.02.014.
Hutchinson, J. B., Uncapher, M. R., & Wagner, A. D. (2009). Posterior parietal cortex and
episodic retrieval: convergent and divergent effects of attention and memory. Learning &
Memory, 16(6), 343–56. doi:10.1101/lm.919109
Idaka, T., Matsumoto, A., Nogawa, J., Yamamoto, Y., & Sadato, N. (2006). Frontoparietal
network involved in successful retrieval from episodic memory. Spatial and temporal
analyses using fMRI and ERP. Cerebral Cortex, 16(9), 1349–60. doi:10.1093/cercor/bhl040
Jacobson, L., Goren, N., Lavidor, M., & Levy, D. A. (2012). Oppositional transcranial direct
current stimulation (tDCS) of parietal substrates of attention during encoding modulates
episodic memory. Brain Research, 1439, 66–72. doi:10.1016/j.brainres.2011.12.036

Pergolizzi, Denise

61	
  

Javadi, A. H., & Walsh, V. (2012). Stimulation transcranial direct current (tDCS) of the left
dorsolateral prefrontal cortex modulates declarative memory. Brain Stimulation, 5(3), 231–
241. doi:10.1016/j.brs.2011.06.007
Jaeger, A., Konkel, A. & Dobbins, I.G. (2013). Unexpected novelty and familiarity orienting
responses in lateral parietal cortex during recognition judgment. Neuropsychologia,
51(6),1061-1076. doi: 10.1016/j.neuropsychologia.2013.02.018.
Johnson, J.D., Suzuki, M., & Rugg, M.D. (2013). Recollection, familiarity, and contentsensitivity in lateral parietal cortex: A high-resolution fMRI study. Frontiers in Human
Neuroscience, 7, 219. doi: 10.3389/fnhum.2013.00219.
Jones, K., & Berryhill, M. (2012). Parietal contributions to visual working memory depend on
task difficulty. Frontiers in Psychiatry, 3(81), 1–11. doi:10.3389/fpsyt.2012.00081
Kahn, I., Davachi, L., & Wagner, A. D. (2004). Functional-neuroanatomic correlates of
recollection: implications for models of recognition memory. The Journal of Neuroscience,
24(17), 4172–80. doi:10.1523/JNEUROSCI.0624-04.2004
Kempe, R., Huang, Y. & Parra, L.C. (2014). Simulating pad-electrodes with high definition
arrays in transcranial electric stimulation. Journal of Neural Engineering, 11(2), 026003.
doi: 10.1088/1741-2560/11/2/026003. 	
  
Kim, H., & Cabeza, R. (2007). Trusting our memories: dissociating the neural correlates of
confidence in veridical versus illusory memories. The Journal of Neuroscience, 27(45),
12190–7. doi:10.1523/JNEUROSCI.3408-07.2007
Kim, H., & Cabeza, R. (2009). Common and specific brain regions in high-versus lowconfidence recognition memory. Brain research, 1282, 103–113.
doi:10.1016/j.brainres.2009.05.080.Common
Leube, D. T., Erb, M., Grodd, W., Bartels, M., & Kircher, T. T. J. (2003). Successful episodic
memory retrieval of newly learned faces activates a left fronto-parietal network. Cognitive
Brain Research, 18(1), 97–101. doi:10.1016/j.cogbrainres.2003.09.008
Manenti, R., Brambilla, M., Petesi, M., Ferrari, C., & Cotelli, M. (2013). Enhancing verbal
episodic memory in older and young subjects after non-invasive brain stimulation. Frontiers
in Aging Neuroscience, 5, 49. doi:10.3389/fnagi.2013.00049
Marshall, L., Mölle, M., Siebner, H.R. & Born, J. (2005). Bifrontal transcranial direct current
stimulation slows reaction time in a working memory task. BMC Neuroscience, 6, 23.
Monti, A., Cogiamanian, F., Marceglia, S., Ferrucci, R., Mameli, F., Mrakic-Sposta, S., Vergari,
M., Zago, S. & Priori, A. (2008). Improved naming after transcranial direct current
stimulation in aphasia. Journal of Neurology, Neurosurgery & Psychiatry, 79(4), 451-453.
doi: 10.1136/jnnp.2007.13527
Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the human motor cortex by
weak transcranial direct current stimulation. The Journal of Physiology, 527(Pt 3), 633–639.
Nitsche, M. A, Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., & PascualLeone, A. (2008). Transcranial direct current stimulation: State of the art 2008. Brain
Stimulation, 1(3), 206–23. doi:10.1016/j.brs.2008.06.004
O'Connor, A.R., Han, S. & Dobbins, I.G. (2010). The inferior parietal lobule and recognition
memory: expectancy violation or
successful retrieval? Journal of Neuroscience, 30(8), 2924-2934.
doi:10.1523/JNEUROSCI.4225-09.2010.
Peirce JW (2009) Generating stimuli for neuroscience using PsychoPy. Frontiers in
Neuroinformatics, 2:10. doi:10.3389/neuro.11.010.2008

Pergolizzi, Denise

62	
  

Ratcliff, R., Clark, S., & Shiffrin, R. M. (1990). The list-strength effect: I. Data and discussion.
Journal of Experimental Psychology: Learning, Memory, & Cognition, 16, 163-178.
Reato, D., Rahman, A., Bikson, M., & Parra, L. C. (2010). Low-intensity electrical stimulation
affects network dynamics by modulating population rate and spike timing. The Journal of
Neuroscience, 30(45), 15067–79. doi:10.1523/JNEUROSCI.2059-10.2010
Roediger, Henry L, & McDermott, K. B. (1995). Creating false memories: Remembering words
not presented in lists. Journal of Experimental Psychology: Learning, Memory & Cognition,
21(4), 803–814.
Ross, L. A., McCoy, D., Coslett, H. B., Olson, I. R., & Wolk, D. A. (2011). Improved Proper
Name Recall in Aging after Electrical Stimulation of the Anterior Temporal Lobes.
Frontiers in Aging Neuroscience, 3(16), 1–8. doi:10.3389/fnagi.2011.00016
Schoo, L. A., van Zandvoort, M. J. E., Biessels, G. J., Kappelle, L. J., Postma, A., & de Haan, E.
H. F. (2011). The posterior parietal paradox: Why do functional magnetic resonance
imaging and lesion studies on episodic memory produce conflicting results? Journal of
Neuropsychology, 5(Pt 1), 15–38. doi:10.1348/174866410X504059
Sestieri, C., Capotosto, P., Tosoni, A., Luca Romani, G., & Corbetta, M. (2013). Interference
with episodic memory retrieval following transcranial stimulation of the inferior but not the
superior parietal lobule. Neuropsychologia, 51(5), 900–6.
doi:10.1016/j.neuropsychologia.2013.01.023
Shadlen, M.N. & Newsome, W.T. (1996). Motion perception: seeing and deciding. Proceedings
of the National Academy of Sciences, 93(2), 628-633. doi: 10.1073/pnas.93.2.628
Shannon, B.J. & Buckner, R.L. (2004). Functional-anatomic correlates of memory retrieval that
suggest nontraditional processing roles for multiple distinct regions within posterior parietal
cortex. Journal of Neuroscience, 24(45),10084-10092. doi: http://dx.doi.org/10.1523/
JNEUROSCI.2625-04.2004
Simons, J. S., Peers, P. V, Mazuz, Y. S., Berryhill, M. E., & Olson, I. R. (2010). Dissociation
between memory accuracy and memory confidence following bilateral parietal lesions.
Cerebral Cortex, 20(2), 479–85. doi:10.1093/cercor/bhp116
Sparing, R., & Mottaghy, F. M. (2008). Noninvasive brain stimulation with transcranial
magnetic or direct current stimulation (TMS/tDCS)-From insights into human memory to
therapy of its dysfunction. Methods, 44(4), 329–37. doi:10.1016/j.ymeth.2007.02.001
Stagg, C. J., & Nitsche, M. A. (2011). Physiological basis of transcranial direct current
stimulation. The Neuroscientist, 17(1), 37–53. doi:10.1177/1073858410386614
Strong, E. K., Jr. (1912). The effect of length of series upon recognition memory. Psychological
Review, 19, 447-462.
Suzuki, M., Johnson, J.D., & Rugg, M.D. (2011). Decrements in hippocampal activity with item
repetition during continuous recognition: An fMRI study. Journal of Cognitive
Neuroscience, 23, 1522-1532. doi: 10.1162/jocn.2010.21535. Epub 2010 Jul 9.
Takahashi, E., Ohki, K., & Kim, D.S. (2008). Dissociated pathways for successful memory
retrieval from the human parietal cortex: anatomical and functional connectivity analyses.
Cerebral Cortex, 18(8), 1771–8. doi:10.1093/cercor/bhm204
Tanoue, R. T., Jones, K. T., Peterson, D. J., & Berryhill, M. E. (2013). Differential Frontal
Involvement in Shifts of Internal and Perceptual Attention. Brain Stimulation, 6(4), 675–
682. doi:10.1016/j.brs.2012.11.003

Pergolizzi, Denise

63	
  

Toschi, N., Welt, T., Guerrisi, M. & Keck, M.E. (2009). Transcranial magnetic stimulation in
heterogeneous brain tissue: clinical impact on focality, reproducibility and true sham
stimulation. Journal of Psychiatric Research, 43(3):255-64. doi:
10.1016/j.jpsychires.2008.04.008.
Tseng, P., Hsu, T.Y., Chang, C.F., Tzeng, O.J., Hung, D.L., Muggleton, N.G., Walsh, V., Liang,
W.K., Cheng, S.K., Juan, C.H. (2012). Unleashing potential: transcranial direct current
stimulation over the right posterior parietal cortex improves change detection in lowperforming individuals. Journal of Neuroscience, 32(31):10554-61. doi:
10.1523/JNEUROSCI.0362-12.2012.
Tulving, E. (1985). Memory and consciousness. Canadian Psychology, 26,1–12.
Vicario, C.M., Martino, D. & Koch, G. (2013). Temporal accuracy and variability in the left and
right posterior parietal cortex. Neuroscience, 245,121-128. doi:
10.1016/j.neuroscience.2013.04.041.
Vilberg, K.L. & Rugg, M.D. (2008), Memory retrieval and the parietal cortex: a review of the
evidence from a dual-process perspective. Neuropsychologia, 46(7), 1787-99. doi:
10.1016/j.neuropsychologia.2008.01.004.
Vilberg KL, Rugg MD.(2009). Left parietal cortex is modulated by amount of recollected verbal
information. Neuroreport, 20(14):1295-9. doi: 10.1097/WNR.0b013e3283306798.
Vines, B.W., Cerrutu, C. & Schlaug, G. (2008). Dual-hemisphere tDCS facilitates greater
improvements for healthy subjects' non-dominant hand compared to uni-hemisphere
stimulation. BMC Neuroscience, 9, 103. doi: 10.1186/1471-2202-9-103.
Wagner, A. D., Shannon, B. J., Kahn, I., & Buckner, R. L. (2005). Parietal lobe contributions to
episodic memory retrieval. Trends in Cognitive Sciences, 9(9), 445–53.
doi:10.1016/j.tics.2005.07.001
Wheeler, M. E., & Buckner, R. L. (2003). Functional dissociation among components of
remembering: control, perceived oldness, and content. The Journal of Neuroscience, 23(9),
3869–80.
Wheeler, M. E., & Buckner, R. L. (2004). Functional-anatomic correlates of remembering and
knowing. NeuroImage, 21(4), 1337–49. doi:10.1016/j.neuroimage.2003.11.001
Yonelinas, A. P., Otten, L.J., Shaw, K.N. & Rugg, M.D. (2005). Separating the brain regions
involved in recollection and familiarity in recognition memory. Journal of Neuroscience,
25(11):3002-3008. doi: http://dx.doi.org/10.1523/JNEUROSCI.5295-04.2005

64	
  

Pergolizzi, Denise
Chapter 2
Lateral parietal cortex contributes to false recognition and decision bias: a tDCS study

Denise Pergolizzi1, 2 and Elizabeth F. Chua1, 2
1
2

The Graduate Center of the City University of New York, New York, NY
Brooklyn College of the City University of New York, Brooklyn, NY

Submitted for publication

65	
  

Pergolizzi, Denise
Abstract
Neuroimaging data have shown that activity in the lateral posterior parietal cortex (PPC)

correlates with successful recognition, but there is considerable debate about whether the parietal
cortex has a direct or indirect role in memory. To examine the role of the PPC in memory, we
compared performance of participants who were given active transcranial direct current
stimulation (tDCS) over the parietal cortex to those given active tDCS over the prefrontal cortex
and sham tDCS during an item and source memory task. The parietal tDCS group showed
improved item memory, as measured by d’, compared to the prefrontal and sham tDCS groups.
This was driven by decreased false recognition in the parietal tDCS group compared to the
prefrontal and sham tDCS groups. Both the parietal and prefrontal tDCS groups showed a more
conservative bias, as measured by C, compared to the sham group. There were no between group
differences for source accuracy. Taken together, these findings are consistent with the idea that
the parietal cortex has an indirect role in retrieval and that its effects on memory accuracy are
likely based on attentional, orienting, or decision-biasing mechanisms.
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Introduction
Neuroimaging studies have consistently shown greater activity in the lateral posterior

parietal cortex (PPC) for accurate recognition of studied compared to unstudied items (Cansino
et al., 2002; Henson et al., 2005; Hornberger, Rugg, & Henson, 2006; Vilberg & Rugg, 2008;
Wagner et al., 2005), and accurate rather than inaccurate source memory (Donaldson, Wheeler,
& Petersen, 2010; Hutchinson, Uncapher, & Wagner, 2009; Kahn et al., 2004), raising
hypotheses that the PPC is involved in direct access of retrieved information (Donaldson et al.,
2010; Vilberg & Rugg, 2008; Wagner et al., 2005). However, patients with PPC lesions do not
show global amnesia, and memory accuracy for studied materials is typically intact (Ally et al.,
2008; Davidson et al., 2008; Drowos, Berryhill, André, & Olson, 2010b; Haramati et al., 2008;
Simons et al., 2010), raising a challenge for the hypothesis that the PPC is directly involved in
retrieval. Alternatively, activity in the PPC may correlate with successful retrieval because it is
indirectly involved in retrieval via attentional (Ciaramelli et al., 2008, 2010), orienting (Jaeger et
al., 2013), or decision-making processes (Dobbins, Jaeger, Studer, & Simons, 2012; Finnigan,
Humphreys, Dennis, & Geffen, 2002). Indeed, the primary impairments in patients with parietal
lesions are attentional (Corbetta & Shulman, 2002) while, in the memory domain, decisional
processes about accuracy or confidence are altered in the form of decreased false recognition
(Davidson et al., 2008; Drowos et al., 2010b), less high confident “old” responses for target
items (Hower, Wixted, Berryhill, & Olson, 2014), decreased subjective recollection (Davidson et
al., 2008; Drowos et al., 2010), and decreased confidence for source memory (Simons et al.,
2010). It therefore appears that parietal lesions influence retrieval based judgments, but whether
these changes are based on mnemonic retrieval or associated cognitive processes such as
attention or decision-making, remains to be elucidated.
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In our experiment, we use transcranial direct current stimulation (tDCS) to examine the
causal role of the PPC in item memory, source memory, and decision-making aspects of
recognition. TDCS is a technique by which weak electrical currents are applied at the scalp by
means of two electrodes (DaSilva et al., 2011; Reato et al., 2010). TDCS has been shown to alter
the likelihood of neuronal excitability in the cortex of non-human animals (Bikson et al., 2004;
Reato et al., 2010) and humans (Antal, Kincses, et al., 2004; Nitsche & Paulus, 2000). Noninvasive brain stimulation techniques, such as transcranial direct current stimulation (tDCS) and
transcranial magnetic stimulation (TMS), are useful for experimentally manipulating neural
activity in healthy intact brains to determine whether the stimulated area has a causal role in
behavior. Furthermore, brain stimulation has an advantage over lesion studies in that patients
with brain damage can have functional improvement through compensatory neuroplasticity and
cognitive reorganization (Kolb et al., 2001), thereby overcoming behavioral changes that resulted
from a lesion. TDCS, on the other hand, can transiently alter cortical activity in intact healthy
brains to directly observe what changes to the brain have on behavior. Thus, tDCS can be used
to causally manipulate retrieval specific PPC activity in healthy intact brains and elucidate
whether parietal cortex has a direct or indirect role in retrieval.
Several proposed functions of the parietal cortex in memory posit a direct role in retrieval.
For example, the mnemonic accumulator hypothesis posits the PPC accumulates evidence in the
form of neural signals associated with sought after evidence. The stronger the signal, the more
likely it corresponds to a sought after episode. This signal strength therefore needs to reach or
surpass a threshold firing rate (or criterion) to lead to the decision that an item is “old”
(Donaldson et al., 2010; Wagner et al., 2005). The episodic buffer account suggests that
perceptual details are recombined and held in a buffer making these details available for
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mnemonic judgments (Vilberg & Rugg, 2008; Wagner et al., 2005). Lastly, one component of
an attention to memory (AtoM) model theorizes that memories are salient internal events that
automatically capture bottom-up attention; such automaticity is thought to be associated with the
experience of remembering (Cabeza, 2008; Ciaramelli et al., 2008). The general consensus
among these hypotheses is that the PPC contributes to retrieval based on direct access to
mnemonic information, likely via connectivity with the medial temporal lobe (Vincent, et al.,
2006). These theories are consistent with, and have been used to explain, fMRI and lesion
literature linking the PPC to changes that result from direct retrieval. These changes include
increased activity for item hits compared to correct rejections (Cansino, Maquet, Dolan, & Rugg,
2002; Leube, Erb, Grodd, Bartels, & Kircher, 2003; Vilberg & Rugg, 2008; Wagner, et al.,
2005), source hits compared to source misses in fMRI studies (Donaldson, Wheeler, & Petersen,
2010; Hutchinson, Uncapher, & Wagner, 2009; Kahn et al., 2004), and decreased recollection in
patients with lesions (Drowos et al., 2010b). Under these accounts, manipulating PPC activity
should directly change mnemonic information thereby altering memory accuracy for old items
and source memories.
Other hypotheses posit that the parietal cortex plays an indirect role in retrieval and exerts
its effects via its role in attention or decisional factors, which have consequences for memory
performance (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Cabeza, 2008; Ciaramelli et al.,
2008; Jaeger et al., 2013; O’Connor, Han, & Dobbins, 2010; Wagner et al., 2005). These
accounts include the attention to internal representations account (Wagner et al., 2005), which
has been expanded into the attention to memory (AtoM) model (Ciaramelli et al., 2008) which, in
addition to the bottom-up component discussed above, also specifies that there is a top-down
attentional component toward memory that biases the search for specific mnemonic information
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when retrieval is difficult. In an extension of this account, a decision-biasing model suggests
that top-down attentional influences shift decision criterion along a memory strength axis
(Dobbins, et al, 2012). In this way, the shift in criterion determines whether to search for more
or less evidence to accept items as old or new.
Similarly, the expectancy violation account (O’Connor, Han, & Dobbins, 2010) or
memory orienting hypothesis (Jaeger et al., 2013) suggest that the PPC is involved in comparing
expectations of whether an item should be old or new to retrieval cues. When the expectation
and the retrieval cues do not match, attention is oriented toward a memory search to resolve the
discrepancy. The strongest support for an indirect role of the PPC in memory retrieval comes
from studies showing that task demands alter the relationship between the PPC and memory
accuracy (Ciaramelli et al., 2010; Dobbins, Rice, Wagner, & Schacter, 2003; Herron, Henson, &
Rugg, 2004; Jaeger et al., 2013; O’Connor, Han, & Dobbins, 2010). For example, valid cues
were used to directly manipulate attentional search for relevant information and showed
improved subsequent recognition in controls, but not in patients with parietal lobe damage
(Ciaramelli et al., 2010). Furthermore, fMRI studies on retrieval orientation (Dobbins et al.,
2002; Dobbins et al., 2003; Dobbins & Wagner, 2005) have shown greater PPC activity during
source judgments compared to item judgments, with equivalent activity for correct and incorrect
source judgments, suggesting that PPC activity correlates with attentional search underlying
retrieval attempts, and not retrieval accuracy (Dobbins et al., 2003). Additionally, the parietal
old/new effect (Vilberg & Rugg, 2008; Wagner, et al., 2005) can be reversed with different task
demands such that correct rejections yield higher PPC activity than hits (Herron, Henson, &
Rugg, 2004; Jaeger et al., 2013; O’Connor et al., 2010) and correlate with decision criterion
(O’Connor, et al., 2010). Thus, it appears that task demands drive PPC activity to indirectly
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influence what is judged as old or new.
In line with an indirect role for the parietal cortex in retrieval, comparisons of recent
investigations using tDCS over the parietal cortex have shown that recognition of new items
differed based on task (Pergolizzi & Chua, 2015; Pisoni, et al., 2015). Specifically, one study
used a paradigm that yields high rates of false alarms and showed that tDCS over the parietal
cortex increased false recognition (Pergolizzi & Chua, 2015), whereas another study used a
standard item recognition paradigm and showed decreased false recognition (Pisoni, et al., 2015).
These opposing effects are consistent with the idea that task demands and not retrieved memories
differentially influence recognition performance. However, these studies also reported an
increase in hit rate with tDCS over the parietal cortex (Pergolizzi & Chua, 2015; Pisoni, et al.
2015). Thus it is unclear whether changes to hit and false alarm rates are due to direct changes to
mnemonic information, or to other processes indirectly influencing recognition judgments.
Pisoni et al. (2015) suggested that decreased false recognition due to tDCS over the
parietal cortex related to decision processes in the service of accurate recognition judgments.
However, no measure of decision criterion was provided. The current study seeks to test
whether tDCS over the PPC consistently affects memory performance for both studied (hits) and
unstudied items (false alarms), and whether changes are related to memory or attentional and
decisional factors. Whereas these previous studies only measured item recognition, the current
study measures item and source memory performance. Item recognition can be made without
reference to specific contextual details, but source memory requires the differentiation between
specific contextual cues present at study, improving detection of studied materials (Dodson &
Shimamura, 2000; Johnson, Hashtroudi, & Lindsay, 1993). Thus, we can observe whether tDCS
over the PPC leads to an increased hit rate based on the presence of source details, which would
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be consistent with direct retrieval, or if it leads to changes in recognition of unstudied items
based on task demands, with or without an altered decision criterion, which would be consistent
with an indirect role in retrieval.
It is worth noting that a previous study examined source memory while manipulating
activity in the PPC using TMS (Sestieri, et al., 2013). That study reported decreased d’, the
sensitivity to discriminate between old and new items, but it was not reported whether this
change to accuracy was due to hits or false alarms. No change to decision criterion or source
accuracy was found. The current experiment aims to buffer this limited causal evidence with a
different method for manipulating PPC activity.
The current experiment used an item and source memory paradigm in which participants
studied words under two different contexts; in one context the participant decides whether an
item referred to an object that was bigger than a shoebox, and in the other context decides if the
item referred to an object that was living. At test, participants made an old/new judgment on the
word, followed by a source judgment. Participants received tDCS over the parietal cortex, over
the prefrontal cortex, or sham stimulation during test to specifically manipulate retrieval related
activity. If the PPC had a direct role in retrieval, we expected tDCS over the PPC to lead to an
increased hit rate for items and increased source accuracy because the PPC would be signaling or
buffering more mnemonic evidence. In contrast, if the PPC had an indirect role in retrieval, we
expected hit rates for items and source accuracy to be unchanged. We also expected that
orientation to source memory would lead to a stricter criterion and decreased false alarms. In
other words, the attempt to retrieve task relevant source information could make new, unstudied,
items easier to reject, or result in a conservative criterion shift toward a higher evidence value
consistent with greater evidence necessary for source recollection.
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Methods
Participants
Participants were 58 undergraduate students (34 female) from Brooklyn College of the
City University of New York. Participants were screened using a self-report questionnaire to

rule out use of psychoactive medications, chronic skin conditions, pregnancy, metallic implants,
or history of neuropsychiatric disorder or seizures. All participants had normal or corrected-tonormal vision and learned English before age 5. Two participants withdrew due to minor
discomfort from the effects of stimulation. Two additional participants were excluded from the
analyses, one due to poor task compliance resulting in near 100% false recognition, another due
to experimenter error while administering stimulation. The results reported are from the 54
remaining participants (31 female). Participants were 18 to 31 years of age (mean age 19.6 years,
SD 3.06 years). Each participant received course credit and gave written informed consent in a
manner approved by the Human Research Protection Program (HRPP) of the City University of
New York.
Transcranial direct current stimulation protocol
Stimulation was applied via one anode and one cathode rubber electrode, each encased in
a 35 cm2 saline-soaked sponge pocket. Direct current was delivered through a battery-driven
constant current stimulator with a maximum output of 2mA (1x1 Transcranial Direct Current
Low-Intensity Stimulator Model 1224-B, Soterix Medical, USA). To target the PPC, we used a
bilateral montage, placing the anode over site CP3 and cathode over site CP4 of the International
10–20 System for EEG electrode placement (Pergolizzi & Chua, 2015). A bilateral montage was
chosen because it has been shown to produce additive effects on performance compared to
unilateral stimulation (Vines et al., 2008), and to avoid distributing stimulation through distal

Pergolizzi, Denise

73	
  

brain regions. Participants in the sham group also had the anode placed over CP3 and the
cathode placed over CP4. As an additional control, to show that results were specific to
stimulation over the parietal cortex and were not the result of tDCS anywhere on the head,
another group was administered stimulation over the prefrontal cortex. We again used a bilateral
montage, placing the anode over site F3 and cathode over site F4. Computer simulations were
conducted in tDCS Explore software (Soterix Medical, New York, NY) (Kempe, Huang, &
Parra, 2014) to confirm that the CP3/CP4 and F3/F4 montages were likely to target the posterior
parietal and prefrontal cortex respectively (Figure 2.1).

Figure 2.1: Computational models of cortical currents during tDCS over montage F3/F4
(frontal) and CP3/CP4 (parietal). The model depicts current flow with the anode placed on the
left hemisphere and the cathode placed on the right hemisphere, as used in the current study.
Active stimulation was administered for twenty minutes at 2mA.
Participants were randomized to receive 20 minutes of parietal (N=18), prefrontal (N=18)
or sham (N=18) stimulation. During parietal and prefrontal stimulation, the Soterix device
applied a constant current of 2mA (current density of 0.06 mA/cm2) for 20 minutes, with an
additional 1 minute for ramp up at the beginning and ramp down at the end of stimulation. For
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sham stimulation, the Soterix device has a built in switch to initiate a 1 minute ramp up to the set
current of 2 mA immediately followed by ramp down to 0.1 mA. The device repeats this 1minute ramp up/ramp down at the end of the stimulation period. This allows participants to
experience similar sensory effects of active stimulation (Gandiga et al., 2006). Participants were
also provided a questionnaire following stimulation to report sensations and judge whether they
believed they were in the active or sham condition. Twelve of 18 sham participants guessed they
were receiving actual stimulation, compared to 11 of 18 parietal participants and 13 of 18
prefrontal participants.
Materials and Stimuli
The experiment was conducted on a Dell Optiplex 980 PC, connected to a 22” VGA
monitor, and running Psychopy v.1.74.02 (Peirce, 2007). Stimuli consisted of 300 nouns
selected from the MRC Psycholinguistic Database (Coltheart, 1981) with a mean length of 5.8
letters. Nouns were of moderate concreteness (M=577.3), familiarity (M=529.02), and
imageability (M=600.6). Stimuli were divided into two lists of 150 words, further subdivided
into three sets of 50 words matched for concreteness, familiarity, and imageability. These were
counterbalanced to three possible item types: 1) old items studied under the “living” context, 2)
old items studied under the “bigger” context, or 3) new, unstudied items, that were used as foils
at test. All participants received 100 “old” words (words that were presented at study) and 50
“new” words at test.
Procedure
The experimental session began with a study session of 100 words. Participants were
instructed to try to remember the words for later testing, and to make a decision about the word.
Participants were presented with the cue word “living” or “bigger” for 0.5s, followed by a 4s
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presentation of the word to be studied (Figure 2.2). Cues appeared at the top of the screen and
study words were presented in the center of the screen. All stimuli were presented in white
letters on grey background presented in Arial font. During “living” trials, participants were
instructed to make a “yes” or “no” judgment that the word represented something that was living.
During “bigger” trials participants were instructed to make a “yes” or “no” judgment that the
word represented an item that was bigger than a shoebox. All participants indicated their
decisions by pressing keys “1” for yes or “2” for no. Cue trials were presented in random order.

Figure 2.2: Sample study and test trials. During study, the source cues preceded study words for
0.5s. The two cues “living” or “bigger” required participants to decide if the word represented
something alive, or bigger than a shoebox, respectively. The cue and study words remained on
screen for 4s, during which participants were instructed to indicate “yes” the word was
living/bigger than a shoebox, or “no” the word was not living/bigger than a shoebox. At test,
participants made item judgments followed by source judgments on a 4-point confidence scale to
separately examine tDCS effects on item and source memory.

Following study, the electrodes were placed on participants’ heads for administering
tDCS (~15min). Stimulation was administered for 5 minutes before beginning the recognition
test. The period of five minutes was chosen based on evidence that approximately 3-5 minutes
of stimulation is necessary to observe measurable changes in performance (Nitsche & Paulus,
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2000).
During the recognition test, participants were presented with all 100 studied (“old”)
words randomly intermixed with 50 unstudied (“new”) words. To assess item recognition and
source recollection separately, participants first made old/new item judgments on a 4-point
confidence scale pressing buttons “1”, “2”, “3”, or “4” as follows: 1= Definitely Old, 2=
Probably Old, 3= Probably New, 4= Definitely New. Each item judgment was followed by a
source judgment on a 4-point confidence scale: 1= Definitely Living, 2= Probably Living, 3=

Probably Bigger, 4= Definitely Bigger. Even if participants recognized an item as “new”, they
were instructed to guess the source. All responses were self-paced.
Data Analysis
Based on our a priori hypotheses about the parietal cortex and tDCS, we conducted nonorthogonal contrast analyses on variables related to item memory, source memory, and decision
biases, using the One-Way ANOVA procedure in SPSS 22.0. Our first planned contrast tested
whether performance of the parietal tDCS group differed from the prefrontal and sham tDCS
groups. Our second planned contrast tested for a general tDCS effect and tested whether
performance of the parietal and prefrontal tDCS groups differed from the sham tDCS group. If
Levene’s test was significant (i.e., for d’ and false alarms), we report the results from planned
contrasts assuming unequal variances. Contrasts were considered significant at p<0.05, twotailed.
Results
Item Memory Performance
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Planned contrasts revealed better item memory in the parietal tDCS group, with tDCS
over the parietal cortex leading to increased discriminability between old and new items
(Macmillan& Creelman, 1991) (d’; Mean ± SEM; 2.33 ± 0.083) compared to other stimulation
conditions combined (Mean ± SEM; sham: 1.99 ± 0.128; prefrontal: 2.12 ± 0.176), t(48.013) =
2.026, p< 0.048 (Figure 2.3A). This effect was specific to parietal stimulation; jointly comparing
tDCS over either cortical region (parietal and prefrontal) did not significantly increase d’
compared to sham tDCS, t(34.248) = 1.440, p> 0.159. The difference in d’ may have some
relation to response bias (C). The active tDCS groups (prefrontal and parietal groups) showed a
significantly more conservative bias toward calling items “new” compared to sham tDCS, t(51) =
2.226, p< 0.030 (Figure 2.3B). However, there was no specific effect of parietal tDCS on C
compared to prefrontal and sham tDCS, t(51) = 1.324, p> 0.191. Thus, tDCS over the parietal
cortex specifically increases discriminability, whereas tDCS over either the prefrontal or parietal
regions increases bias.

Figure 2.3: Item recognition performance. A) d’ values representing discriminability between
hits and false alarms. tDCS over parietal cortex significantly differed from sham tDCS and tDCS
over prefrontal cortex. B) C values representing response bias. Positive values represent a bias
toward calling items new. TDCS over parietal and prefrontal cortex significantly differed from
sham tDCS. C) True and false recognition performance. For false alarms, tDCS over parietal
cortex significantly differed from sham tDCS and tDCS over prefrontal cortex, suggesting
differences in d’ were based on changes to false and not true recognition. Errors bars represent
SEM. Asterisks over parietal group represent significant differences from sham and prefrontal
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groups. Asterisks with brackets over parietal and prefrontal represent significant differences
(p<0.05) for either active tDCS group compared to sham.

To determine whether improved discrimination between old and new items was driven by
changes in hits or false alarms, we examined the effects of tDCS on hits and false alarms
separately (Table 2.1; Figure 2.3C). There were no significant differences in hits for tDCS over
the parietal cortex compared to other stimulation groups, t(51) = 0.474, p> 0.637, or for tDCS
over either cortical region compared to sham tDCS, t(51) = -0.769, p> 0.445, suggesting
discriminability was not influenced by changes to accurate retrieval of old information. In
contrast, tDCS over parietal cortex led to significantly decreased false alarms compared to other
stimulation groups, t(46.401) = -2.486, p< 0.017, and active tDCS groups, in general,
significantly decreased false alarms compared to sham tDCS, t(35.257) = -2.040, p< 0.049
(Figure 2.3C).
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Table 2.1: Mean and standard deviations for all memory performance measures. PPC = posterior
parietal cortex, PFC = prefrontal cortex, SD = standard deviation. Confidence values reflect the
proportion of hits, FA, source correct or source incorrect receiving a ‘Definitely’ response.
PPC
Memory Measure

Sham

PFC

Mean

SD

Mean

SD

Mean

SD

Item Hits

0.80

0.09

0.81

0.11

0.76

0.12

Item FAs

0.09

0.06

0.16

0.08

0.13

0.11

Source Correct

0.76

0.11

0.73

0.10

0.70

0.11

High Confidence Item Hits

0.89

0.13

0.90

0.07

0.83

0.16

High Confidence Item FAs

0.62

0.36

0.60

0.33

0.57

0.39

High Confidence Source Correct

0.66

0.22

0.68

0.24

0.60

0.20

High Confidence Source Incorrect

0.50

0.25

0.53

0.31

0.37

0.23

Confidence

To test whether differences in false alarm rate were related to a decrease in subjective
memory, we examined differences in recognition confidence across the groups. We calculated
the proportion of trials in each recognition category (hits, misses, correct rejections, and false
alarms) receiving high confidence (‘Definitely’) responses (Table 2.1). A two-way ANOVA was
performed with the proportion of high confidence responses for each response type as the within
subjects factor and stimulation group (parietal, prefrontal, or sham) as the between subjects
factor. There was no main effect of stimulation group, F(2,50) = 0.947, p> 0.395, or response
type x stimulation group interaction, F(6,150) = 0.645, p> 0.694. Thus, changes in false
recognition do not appear to be based on a general decrease in subjective memory.
Source Memory Performance
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Source recollection trials were categorized as source correct or source incorrect. Source
correct trials represented when the participant accurately recognized the item (i.e., hits) and
subsequently accurately attributed the source to the “living” or “bigger” study cue. Source

incorrect trials represented when the participant accurately recognized the item and subsequently
inaccurately attributed the source to the “living” or “bigger” study cue. Consequently, source
correct and incorrect were reciprocal values, having equal variance. Therefore, we examined
performance for source correct only (Table 2.1) using the above outlined planned contrasts.
There were no differences in source accuracy between stimulation groups; neither tDCS over
parietal cortex differed from other stimulation conditions, t(51) = 1.501, p> 0.140, nor did tDCS
over parietal or prefrontal regions differ from sham tDCS, t(51) = 0.115, p> 0.909.
To examine source confidence, trials were further subdivided into proportion of trials
receiving high confidence (‘Definitely’) responses for each source correct and incorrect trial
(Table 2.1). A two-way ANOVA was performed with accuracy (proportion high confident
source correct, proportion high confidence source incorrect) as the within subjects factor and
stimulation group (parietal, prefrontal, or sham) as the between subjects factor. There was a
greater proportion of high confidence responses for source correct compared to source incorrect
trials, as indicated by a main effect of accuracy, F(1,51) = 42.391, p< 0.0001, but there was no
main effect of stimulation group, F(2,51) = 1.446, p> 0.245, nor was there an accuracy x
stimulation group interaction F(2,51) = 0.816, p> 0.45. Thus, parietal stimulation did not
influence source judgments by accuracy or confidence.
Discussion
Using a standard item and source recognition memory task, we examined whether the
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parietal cortex contributes to memory accuracy via a direct or indirect role to recognition
memory. Initial analyses showed increased item memory accuracy in the parietal tDCS group
compared to the prefrontal and sham tDCS groups, which could be consistent with the idea that
the parietal cortex plays a direct role in retrieval. However, follow up analyses revealed that
improved discrimination in the parietal tDCS group was driven by decreased false alarms
compared to the prefrontal and sham tDCS groups. Furthermore, the parietal and prefrontal
tDCS groups also showed a more conservative bias compared to the sham tDCS group. Thus,
our data are more consistent with the idea that the PPC has an indirect role in retrieval, and
suggests that attentional, orienting, or decision-biasing mechanisms may be the mechanisms by
which the parietal cortex contributes to recognition accuracy.
In our study, we showed a decreased false alarm rate, which may be related to attentional
mechanisms that lead to a specific retrieval orientation (Cabeza, 2008; Ciaramelli et al., 2008;
Dobbins et al., 2003; Hornberger et al., 2006; Morcom & Rugg, 2012; Rugg & Wilding, 2000).
Previous work has shown that PPC activity increases when orienting toward source compared to
item information, even when controlling for source accuracy (Dobbins et al., 2002, 2003;
Dobbins & Wagner, 2005). It is therefore possible that increased PPC activity via tDCS resulted
in participants adopting a retrieval orientation toward source information, without affecting hits
or source accuracy. Instead, when expected source information was absent for new items, the
item was easier to reject, leading to decreased false recognition. Such a process is reminiscent of
the distinctiveness heuristic (Dodson & Schacter, 2001; Dodson & Schacter, 2002; Gallo, Weiss,
& Schacter, 2004; Schacter, Israel, & Racine, 1999), which is a decision strategy to reject items
when the subject fails to recover an expected recollection, leading to decreased false recognition.
The PPC and PFC have both shown increased activity during judgments requiring the
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distinctiveness heuristic to reduce false recognition (Gallo, McDonough, & Scimeca, 2010). In
this context, PPC activity during use of the distinctiveness heuristic may be a byproduct of a
parietal role in attentional search for source information.
The decreased false recognition rates in the parietal stimulation group compared to the
other groups could also be explained by the decision-biasing model of the PPC (Dobbins, et al.,
2012), which suggests an integration between attention and decision processes. Specifically, this
model extends the attention to memory (AtoM) hypothesis (Ciaramelli et al., 2008) to suggest
that decision bias reflects attentional search for information. Under the decision-biasing model, a
conservative criterion shift toward calling fewer items “old” (leading to fewer hits and false
alarms), and consequently calling more items “new” (leading to more misses and correct
rejections) reflects an attentional search for stronger recollection. Correspondingly, in our study,
tDCS over parietal and prefrontal regions resulted in a more conservative use of the “old”
response, resulting in decreased false alarms. This is consistent with the top-down attentional
search for source information whereby source information can be thought of as a basis for the
criterion. Thus, it is possible that the PPC contributes to the recognition decision process through
an integration of attention and decision processes.
It is noteworthy that one would predict that a conservative “old” response would also
decrease the hit rate, but that was not found in the present study. However, the parietal tDCS
group did have a larger d’ value than the other groups, suggesting that the distributions of old
and new items overlapped less in this group and decision bias was set to accept more new items
without affecting recognition of old items. It might also be expected that the stricter decision
criterion should alter confidence judgments, which was not found in the present study. Although
our data do not support the hypothesis that the PPC represents the subjective experience of
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remembering (Ally et al., 2008; Chua et al., 2006), other studies in patients with parietal lesions
(Simons et al., 2010) and subjects with TMS over parietal cortex (Yazar et al., 2014) showed
decreased confidence for source judgments, but no changes in source accuracy. Whether the
lack of confidence findings in our study is due to weak effects of tDCS or whether the PPC does
not play a causal role in confidence is a matter for future research.
An alternative explanation for the decreased false alarm rate comes from the memory
orienting hypothesis (Jaeger, et al. 2013), which is another hypothesis about the way the PPC
may indirectly contribute to retrieval. According to the memory orienting hypothesis, when
retrieval cues do not match expectations, attention is oriented toward resolving the ambiguous
memory signal. This is primarily supported by evidence that the activity in the PPC is
modulated by “expectancy violation” (Jaeger et al., 2013; O’Connor et al., 2010). To examine
the role of expectations on memory retrieval, an fMRI study (O’Connor, et al. 2010) used a
variant of a Posner cueing paradigm adopted for memory, where test items were preceded by
valid or invalid (“Likely Old” or “Likely New”) cues to bias expectations regarding upcoming
memoranda. Throughout multiple subregions of the lateral parietal cortex, there was greater
activation during invalid than valid cues, thus demonstrating an “unexpected memory” response.
Moreover, in the absence of cues, the conservativeness of participants’ decision biases correlated
with parietal activity. Although the current study did not explicitly manipulate expectations at
retrieval, it is likely that our participants had expectations about their memory based on their
experience during the test (Summerfield & Egner, 2009). For example, a participant might learn
that item judgments are followed by judgment of a specific source detail, and thus might
constrain interpretation of studied items to those that are accompanied with contextual detail.
New items lacked this expected information, in other words violating expectations, and leading
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to decreased false recognition. Under the memory orienting hypothesis (Jaeger, et al. 2013), in
particular, such a violation of expectations should especially occur for new items in this study,
explaining why only judgments of new and not old items were affected in our data.
The current data diverge from our previous findings that tDCS over the PPC increases
false recognition (Pergolizzi & Chua, 2015), and this is likely due to task differences that have
downstream consequences for retrieval orientation (Dobbins, et al., 2003) and decision biasing
(Dobbins, et al., 2012). Specifically, the previous study showed increased false recognition by
using the Deese-Roediger-McDermott paradigm (DRM; Roediger & McDermott, 1995), known
to yield high rates of false recognition (Pergolizzi & Chua, 2015) and a possible liberal criterion
(Miller & Wolford, 1999). In the DRM paradigm (Roediger & McDermott, 1995) subjects study
a list of words that converge on an unstudied theme word, which is then shown at test and often
results in false recognition. Compared with source memory judgments that require recovery of
contextual details, the DRM paradigm only requires item memory judgments that can be based
on an acontextual sense of familiarity. If the PPC biases retrieval orientation relevant to the
context of a given study it is possible that tDCS facilitated orientation toward familiarity in our
previous study, leading to more items to be accepted as old, whereas in the current study
orientation was shifted toward recollection and led to a stricter criterion and reduced false
recognition. Although we did not test this directly, the contrasting findings in our work are
consistent with PPC-mediated top-down attention from different contextual cues in the two
studies to bias judgments and control what kind of information was searched for. Future studies
will need to examine the effects of stimulation over the parietal cortex under conditions with
varying contextual cues for memory, such as when providing cues that predict upcoming
memoranda as “old” or “new” at test (Ciaramelli et al., 2010; Jaeger et al., 2013; O’Connor et
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al., 2010).
Combined with our previous findings of increased false recognition (Pergolizzi & Chua,
2015), the current data build on evidence that the role of the PPC in memory may be more
relevant for recognition of new items (Dobbins et al., 2012; Herron et al., 2004; Pergolizzi &
Chua, 2015; Pisoni et al., 2015). Decreased false recognition is consistent with recent evidence
of increased correct rejections, the reciprocal counterpart to false alarms, with tDCS over the
PPC (Pisoni, et al., 2015). Correspondingly, manipulating the probability of new items, such that
they outnumbered old items led to increased activity in regions of the PPC for correct rejections
compared to hits (Herron et al., 2004). Lastly, another study presented cues that validly
predicted the outcome of items as old and new and found that patients with parietal lesions were
selectively impaired in incorporating the cues that predicted item as new, but not those predicting
items as old (Dobbins et al., 2012). Thus, the PPC may indirectly influence retrieval by altering
how new items are processed.
It should be noted that there are limitations to the scope of our findings based on the use
of tDCS. TDCS has limited spatial resolution in its delivery of current to the cortex, and current
is thought to flow throughout multiple subregions of the lateral parietal cortex (Figure 2.1).
Although we were able to examine a role for the parietal cortex, broadly, in memory, we must
acknowledge that the parietal cortex consists of several subregions. Indeed, research has shown
different relationships to memory processes in inferior versus superior aspects of the parietal
lobe (Ciaramelli et al., 2008; Herron et al., 2004; Johnson, Suzuki, & Rugg, 2013; Yu, Johnson,
& Rugg, 2012). The memory orienting hypothesis (Jaeger et al., 2013) is based on evidence that
both inferior and superior subregions of the lateral parietal cortex participate in an orienting
response. Thus, it is possible that our results fit best with the memory orienting theory because
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stimulation leads to a generalized affect across the cortex, just as orienting responses do.

However, competing theories that differentiate subregions of the parietal cortex cannot be ruled
out.
Conclusion
This experiment demonstrates that manipulating brain activity in the parietal cortex has a
causal effect on recognition memory performance, and combined with other findings, posits an
indirect role of the lateral parietal cortex in memory retrieval. By administering an item and
source memory paradigm while delivering tDCS to the lateral parietal cortex, we showed that
improved item memory in the parietal tDCS group was driven by a decrease in false recognition
and a more conservative bias. This is consistent with a parietal role using attentional and/or
decisional processes to bias processing based on task demands.
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Abstract

The role of the posterior parietal cortex in memory remains controversial. One hypothesis is that
the PPC utilizes environmental cues to bias memory search or decision processes. The present
study aimed to test whether or not manipulating excitability of the parietal cortex would show an
effect on memory performance and whether or not this differed based on environmental cues.
Participants received bilateral transcranial direct current stimulation (tDCS) over the parietal or
prefrontal cortex, or sham tDCS. Prior to a recognition judgment, participants were presented
with cues that predicted an upcoming recognition probe as “likely old” or “likely new” with 75%
validity, or a neutral cue. The pattern of cue utilization showed an interaction: the parietal and
prefrontal groups endorsed items as “new” more often following the “likely new” cue compared
to the sham group, and the prefrontal group endorsed items as “old” more often following the
“likely old” cue compared to parietal and sham groups. Parietal stimulation, therefore,
selectively changed recognition judgments for items predicted “new” but not “old”. Results are
interpreted to suggest the parietal cortex is involved in biasing memory search and recognition
decisions, whereas the prefrontal cortex is involved in strategic control of memory.
Keywords: parietal cortex, transcranial direct current stimulation, memory, recognition, decisionmaking, cueing
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Introduction

Recent work has shown that transcranial Direct Current Stimulation (tDCS) is useful for
investigating the causal role of various neocortical regions in memory processes (Bennabi et al.,
2014; Brasil-Neto, 2012; Manenti, Cotelli, Robertson, & Miniussi, 2012). One area of focus has
been the role of the lateral posterior parietal cortex (PPC) in recognition memory (Pergolizzi &
Chua, 2015; Pergolizzi & Chua, submitted; Pisoni et al., 2015). Here, we use tDCS to test the
hypothesis of the decision-biasing model (Dobbins et al., 2012) that, in recognition, the PPC
plays a role in using the task specific context to bias recognition judgments . Consistent with the
hypothesis that the PPC is sensitive to contextual cues, individual experiments using tDCS have
shown that the PPC plays a causal role in recognition performance, and changes in performance
varied based on the context set by the task (Pergolizzi & Chua, 2015; Pergolizzi & Chua,
submitted; Pisoni et al., 2015). For example, administration of tDCS over lateral parietal cortex
during retrieval resulted in increased false recognition using the Deese-Roediger-McDermott
paradigm (Roediger & McDermott, 1995), which is known to elicit high rates of false
recognition (Pergolizzi & Chua, 2015), whereas other work has shown decreased false
recognition on a standard item recognition paradigm (Pisoni, et al., 2015) and decreased false
recognition on an item and source memory paradigm (Pergolizzi & Chua, submitted).
Collectively, these opposing findings suggest that task context plays an important role in how
tDCS over the parietal cortex alters recognition performance. In this experiment, we formally
test whether manipulating excitability of the PPC using tDCS differentially affects recognition
performance in the presence of different cues.
TDCS delivers a constant current at the scalp via one positively and one negatively
charged electrode. The current has been shown to effectively alter underlying cortical
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excitability (Nitsche & Paulus, 2000; Nitsche et al., 2005), leading to measurable changes in
behavior following stimulation over parietal cortex (Berryhill & Jones, 2012; Rosa Manenti et
al., 2013; Moos, Vossel, Weidner, Sparing, & Fink, 2012; Pergolizzi & Chua, 2015; Pisoni et al.,
2015). Of special interest is the ability of tDCS to experimentally manipulate parietal activity
during memory retrieval (Pergolizzi & Chua, 2015; Pisoni et al., 2015), thereby clarifying the
structure-function relationship. The primary question was whether the parietal cortex has a role
in utilizing task context for recognition judgments to adaptively bias whether items are judged as
“old” or “new”.
The hypothesis that the PPC is sensitive to contextual information in the service of
recognition decisions is based on the known role of the PPC in attention (Cabeza, Ciaramelli,
Olson, & Moscovitch, 2008; Ciaramelli, Grady, & Moscovitch, 2008; Dobbins et al., 2012;
Jaeger, Konkel, & Dobbins, 2013; O’Connor, Han, & Dobbins, 2010; Wagner, Shannon, Kahn,
& Buckner, 2005). There is some evidence that the PPC plays analogous roles in top-down
attention to memory, as it does in perception (Cabeza, Mazuz, & Stokes, 2011). For example,
top-down attention during a memory task showed stronger connectivity between the PPC and the
medial temporal lobe, which is similar to how top-down attention during a perceptual task
showed greater connectivity between the PPC and the visual cortex, suggesting analogous
parietally-mediated attentional processes (Cabeza, Mazuz, & Stokes, 2011). One way in which
parietally-mediated top-down attention can influence recognition decisions is through a biasing
mechanism, in which criteria for endorsing an item as “old” are based on contextual cues
(Dobbins et al., 2012). This is analogous to a role for the PPC in biased competition in the
perceptual domain; greater activity in the visual cortex for task relevant stimuli compared to task
irrelevant stimuli has been hypothesized to originate with top-down attentional biasing mediated
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by the PPC (Desimone & Duncan, 1995; Kastner & Ungerleider, 2001). Another way that
parietally-mediated attention can influence recognition decisions is through attentional orienting
based on the discrepancy between contextual expectations and the retrieved information (Jaeger
et al., 2013). In such a case, an unexpected familiarity or novelty signal leads to orienting
attention towards investigating and resolving the discrepancy between the expectation and the
memory signal, and this is mediated by the parietal cortex (Jaeger et al., 2013). This is
analogous to the role of the parietal cortex in orienting attention in the Posner Cueing Task
(Posner, 1980), in which parietal orienting mechanisms disengage attention from the cued
location when the stimuli appear in the uncued location, and orient attention to the expectationreality discrepancy.
According to both the decision-biasing and memory orienting hypotheses, the effects of
the parietal cortex on recognition would only be evident under certain task demands (i.e., based
on goals, bias or expectations), which is why patients with parietal lesions (Berryhill et al., 2007;
Berryhill, Picasso, Arnold, Drowos, & Olson, 2010; Drowos et al., 2010b; Simons et al., 2010)
and experiments using non-invasive brain stimulation (Pergolizzi & Chua, 2015; Pisoni et al.,
2015; Sestieri, et al., 2013; Yazar, Bergström, & Simons, 2014) show subtle and variable
changes to memory performance under different experimental designs rather than a global
amnesia or an overall improvement in memory.
Recent fMRI and lesion studies have aimed to test these hypotheses by adapting the
Posner cueing paradigm (Posner, 1980), a popular task to orient attentional search, to be used as
a memory retrieval paradigm, and have examined whether parietal activity correlates with
performance under different cueing conditions (Ciaramelli et al., 2010; Dobbins et al., 2012;
Jaeger et al., 2013; O’Connor et al., 2010). For example, one study had participants study word
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pairs, and at test participants judged individual words as “old” or “new” (Ciaramelli, et al.,
2010). At test, studied (target) words were preceded by 1) a “cued” condition, in which the
target word was preceded by the “old” word that was studied with the target word, 2) an “old”
word from a different studied pair, by a “new” unstudied word with the target word, or 3) in an
“uncued” condition, in which no word preceded the target. Cues that were “old” words were
thought to initiate memory search for the associated word from the study pair, and facilitated its
recognition in healthy subjects but not in patients with parietal lesions, suggesting that the
parietal cortex is critical for attending to cues in service of memory search. Consistent with the
role of the parietal cortex in top-down guided memory search (Cabeza, et al., 2008; Ciaramelli,
et al. 2010), results from an fMRI study showed there was greater activity in the parietal cortex
for trials in which the target was cued with its associate compared to when it was uncued or cued
with a new word (Ciaramelli, et al., 2010). In an alternative approach, during an explicit memory
cueing paradigm (Dobbins et al., 2012; Jaeger et al., 2013; O’Connor et al., 2010), prior to the
presentation of a target word, participants were presented with the cues “likely old” or “likely
new/unlikely old”, indicating the probability that the upcoming memoranda was “old” or “new”,
and these cues could be valid or invalid. There was greater activity in the parietal cortex, as
measured by fMRI, for invalidly cued trials compared to validly cued trials (Jaeger et al., 2013;
O’Connor et al., 2010), which is consistent with the memory orienting hypothesis that the
parietal cortex is involved in investigating unexpected novelty and familiarity (Jaeger et al.,
2013). Patients with parietal lesions performed differently than controls in the explicit memory
cueing paradigm; they failed to bias their judgments in the presence of a valid cue (Dobbins, et
al., 2012), which is consistent with the decision-biasing model.
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The explicit memory cueing paradigm (O’Connor, et al., 2010) allows testing of how task
specific context can influence recognition, and fMRI and lesion studies have implicated the
parietal cortex in such a process (Ciaramelli et al., 2010; Dobbins et al., 2012; Jaeger et al., 2013;
O’Connor et al., 2010) . FMRI, however, is correlational, making it difficult to make strong
claims about the consequence of activity in this region. Neuropsychological studies offer a
stronger test for the role of brain damage on functioning, but have limitations because patients
with lesions can recover functions (Kolb et al., 2001) while also suffering from other severe
impairments of cognitive functions (Corbetta & Shulman, 2002), which can obscure memory
specific deficits. Furthermore, neuropsychological tests classify impairments across a particular
domain, but are not generally valid for localizing impairments to a specific brain region (Ruff,
2003). The combination of the explicit cueing paradigm with tDCS can overcome these
limitations by experimentally manipulating activity of the parietal cortex, specifically, in healthy
intact brains and can help clarify the role parietal cortex in recognition memory.
The present study aimed to test whether or not the parietal cortex affects recognition
through utilizing validity cues as used in the explicit cueing paradigm to: 1) bias recognition
decisions, or 2) orient attention to investigating unexpected novelty or familiarity, by
experimentally manipulating the excitability of the PPC using tDCS and comparing this to sham
tDCS and tDCS over the prefrontal cortex (PFC). Previous research showed that patients with
prefrontal lesions performed similarly to healthy controls using the explicit cueing paradigm
(Dobbins, et al., 2012). Therefore, in the current study, we applied tDCS over the prefrontal
cortex in an additional control group, to enable us to draw conclusions about the specific effects
of tDCS over the parietal cortex and not just the effects of tDCS at any scalp position. In our
version of the explicit cueing paradigm, participants were presented with neutral cues (????), or
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“Likely Old”, and “Likely New” cues that were 75% valid in their prediction of a subsequent
retrieval probe. If parietal activity during retrieval was contingent on the task context, then
facilitating parietal activity using tDCS should produce changes to recognition performance

following the presentation of predictive validity cues, but not following neutral cues. If parietal
activity indexes a process of memory orienting, performance should change following invalid
“Likely Old” and “Likely New” cues. However, if parietal activity indexes decision biasing,
performance should become biased following “Likely Old” and “Likely New” cues, regardless
of their validity. Alternatively, if tDCS facilitated changes to performance during uncued and
cued trials, it could indicate that the parietal cortex has a direct role in memory retrieval,
regardless of context.
Methods
Participants
Participants were 81 students at Brooklyn College of the City University of New York (average
age 21.4 +/- 4.25 years, 54 female) who participated for course credit or were paid $10 for 1 hour
of participation. Eight participants were removed due to poor task compliance as evidenced from
primarily hitting one key, and one more was removed due to experimenter error, leaving 72
participants for analyses. All participants had normal or corrected to normal vision, no history of
skin conditions, no history of psychiatric or neurological disorders, and learned English before
age 5. Participants provided written informed consent in accordance with the Human Research
Protection Program of the City University of New York.
Transcranial Direct Current Stimulation (tDCS)
In a between subjects design, participants were randomly assigned to one of three stimulation
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groups: sham (n=24), parietal (n=24), or prefrontal (n=24). Sham and parietal groups received
the same electrode placement with a bilateral montage (i.e., electrode arrangement) over the
lateral PPC with the anode placed over the CP3 and the cathode placed over the CP4 electrode
locations of the international 10-20 system for electrode application. The prefrontal group
received bilateral stimulation over the PFC with the anode placed over F3 and the cathode placed
over F4 electrode locations. The spread of current flow using these montages was modeled using
Soterix tDCS Explore software (Kempe et al., 2014), and showed good coverage over parietal
and prefrontal cortex (Figure 3.1).

Figure 3.1: Cortical currents modeled using tDCS Explore TM . Models depict current flow from
tDCS over montage CP3/CP4 (parietal) and F3/F4 (prefrontal). Current flow is depicted with the
anode placed on the left hemisphere and the cathode placed on the right hemisphere, as used in
the current study. Arrows indicate the direction of current flow. TDCS was administered for
twenty minutes at 2mA.
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Stimulation was delivered using a Soterix Medical 1x1 tDCS Low-Intensity Stimulator,
Model 1224-B. During sham stimulation, 2.0 mA of current was ramped up (30 seconds) and
ramped down (30 seconds) before and after a 20-minute period with 0.1 mA of current. During
parietal and prefrontal stimulation, 2.0 mA of current was ramped up and delivered continuously
for a 20-minute stimulation period and then ramped down.
Materials
Stimuli were presented on a Dell Optiplex 980 PC connected to a 22” VGA monitor with
presentation and timing controlled via Psychopy v.1.74.02 (Peirce, 2007). Stimuli consisted of
750 words randomly selected from the MRC linguistic database with an average of 5.4 letters
(SD = 1.53) and 1.6 syllables (SD = 0.72) and a Kucera-Francis frequency of 28.15 (SD =
26.26). Words were formed into 150 word lists matched on length, number of syllables,
frequency, concreteness, familiarity and imageability. Words were presented in white letters on
a grey background. Participants were presented with 150 words at study and 300 (150 old, 150
new) words at test. Each test list assigned 50 old words and 50 new words to be presented with
the neutral cue, 75 old and 25 new words to be presented with the “Likely Old” cue for 75%
validity and 25 old and 75 new words to be presented with the “Likely New” cue for 75%
validity. Mapping of word lists to item type (old or new) was counterbalanced across lists.
Assignment of cue type (neutral, Likely Old, Likely New) was also varied and validity was
counterbalanced across lists (e.g. 75 old words presented with valid “Likely Old” cues became
75 new words presented with valid “Likely New” cues).
Procedure
Participants completed a single study session with one of the 150 word lists and were instructed
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to remember the words for a later test. During study, each word was presented one at a time on
screen for 2 seconds. In a shallow encoding task, participants indicated whether the first and last
letter of each word was in alphabetical order by pressing button ‘1’ for yes and ‘2’ for no
(Dobbins et al., 2012; Otten, Henson, & Rugg, 2001; Selmeczy & Dobbins, 2013). Following
the study session, participants were set up to receive tDCS. Once electrodes were in place and
stimulation began, participants received instructions for the upcoming recognition test and were
given a short practice session. Participants were instructed that they would see the words they
studied earlier, as well as “new” words that were unstudied, and would need to judge if they
were either “old” (studied) by pressing button ‘1’ or “new” (unstudied) by pressing button ‘2’.
Each test word was preceded by a cue that appeared 1s prior to the test word and that indicated
the word as “Likely Old”, in which case there was a 75% chance the word was “old”, “Likely
New”, in which case there was a 75% chance the word was “new”, or with a series of question
marks (????), in which case the participant had to use their own judgment as to whether the
word was “old” or “new” (Selmeczy & Dobbins, 2013). A total of 100 words received “Likely
Old” cues (75 old, 25 new), 100 words received “Likely New” cues (75 new, 25 old) and 100
words received neutral cues (50 old, 50 new) (Figure 3.2). Trials were presented in random
order, with cues intermixed.
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Figure 3.2: Schematic of the memory cueing paradigm. During encoding participants judged
whether the first and last letter of the word were in alphabetical order. During retrieval, one of
three possible cues preceded the recognition probe, and continued to be presented while
participants judged the item as “old” or “new”. Trials were presented in random order, with cues
intermixed.
Data Analysis
Old/new recognition trials were categorized as hits (H), misses (M), false alarms (FA)
and correct rejections (CR) for each cue type (neutral, Likely Old, Likely New). Note in the
case of hits and misses and the case of false alarms and correct rejections values are reciprocal,
therefore having equal variance. Thus, our primary dependent measures were memory accuracy
indexed by hits and correct rejections. We used a 3 x 2 x 3 mixed ANOVA with repeated factors
of cue type (neutral, Likely Old, Likely New) and response type (hits, correct rejections) and a
between-subjects factor of stimulation group (parietal, sham, prefrontal) to test for the effects of
stimulation on performance based on cue type. Based on a priori interests about effects of tDCS
and the role of the parietal cortex, we followed up significant effects from the ANOVA using
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planned contrasts that compared the effect of stimulation on hits and correct rejections for each
cue type using the One-Way ANOVA procedure in SPSS 22.0. There were three planned
contrasts: 1) the difference of the parietal group compared to the other stimulation groups (i.e.,
sham and prefrontal), 2) the difference of the prefrontal group compared to the other stimulation
groups (i.e., sham and parietal), and 3) the difference of active tDCS at 2.0mA (i.e., parietal and
prefrontal groups) compared sham tDCS. These planned contrasts allowed us to test for specific
effects of parietal stimulation and prefrontal stimulation, as well as common effects that could be
related to tDCS in general or to stimulation of fronto-parietal networks (Iidaka, Matsumoto,
Nogawa, Yamamoto, & Sadato, 2006; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008).
We then examined whether tDCS altered recognition performance using signal detection
measures (Green & Swets, 1966), namely discrimination between hits and false alarms (d’),
and/or in response bias (C). Hit rates of 1 and false alarm rates of 0 were corrected with
formulas 1(1/(2n)) for hits and 1/2n for false alarms, with n being the number of trials
(Macmillan & Creelman, 1991). We used a 3 x 3 mixed ANOVA with repeated factor of cue
type (neutral, Likely Old, Likely New) and between subjects factor of stimulation group
(parietal, sham, prefrontal). The same planned contrasts as above were used to analyze
differences in d’ or C for each cue type based on stimulation.
Reaction times were also collected for all responses. There were no significant
differences in any of the ANOVAs for reaction time when comparing stimulation groups, and so
are not discussed further. For all analyses, comparisons were considered significant at p<0.05,
two-tailed.
Results
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Recognition Memory Performance
We first examined the effects of tDCS on performance using a 3 x 2 x 3 mixed ANOVA
with repeated factors of cue type (neutral, Likely Old, Likely New) and accuracy (hits, correct
rejections) and a between-subjects factor of stimulation group (parietal, sham, prefrontal). There
was a significant cue type x accuracy x stimulation group interaction, F (4, 138) = 4.77, p<
0.001. Our follow-up planned contrasts showed different effects of stimulation based on cue
type. Following neutral cues (Figure 3.3A), there were no differences in performance (all
t’s<0.6, all p’s >0.5). In contrast, brain stimulation did affect performance following “Likely
Old” and “Likely New” cues. The prefrontal group showed increased use of “Likely Old” cues
(Figure 3.3B), with the proportion of correct responses in the prefrontal group differing from the
sham and parietal group for hits [t(69) = 2.718, p< 0.008] and correct rejections [t(69) = -2.068,
p< 0.012]. The parietal group, however, did not differ from the sham and prefrontal group [hits:
t(69) = -1.562, p> 0.133; correct rejections: t(69) = 0.813, p> 0.419], nor did active tDCS in
general differ from sham tDCS [hits: t(69) = 1.196, p> 0.236; correct rejections: t(69) = -1.254,
p> 0.214]. In contrast, both prefrontal and parietal groups showed increased use of “Likely
New” cues (Figure 3.3C); performance in the active tDCS groups significantly differed from the
sham tDCS group for hits [t(96) = -2.249, p< 0.028] and correct rejections [t(96) = 2.503, p<
0.015]. The parietal group did not differ from the sham and prefrontal group combined [hits:
t(69) = -0.533, p> 0.595; correct rejections: t(69) = 0.511, p> 0.611], nor did the prefrontal group
differ from the sham and parietal group for hits [t(96) = -1.716, p> 0.091], but approached a
significant difference for correct rejections [t(96) = 1.992, p< 0.0503]. In summary, parietal
stimulation influenced the use of the “Likely New” cue, but not the “Likely Old” cue, whereas
prefrontal stimulation influenced the use of both “Likely Old” and “Likely New” cues. It is
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worth highlighting that these effects did not differ based on cue validity; these effects were seen
for both valid (cued “Likely Old” for an “old” item & cued “Likely New” for a “new” item) and
invalid cues (cued “Likely Old” for a “new” item & cued “Likely New” for an “old” item).

Figure 3.3: Hits and correct rejections for each cue type by stimulation group. A) Performance
during neutral cues was matched between stimulation groups. B) Following the “Likely Old”
cue, the prefrontal group showed greater cue utilization than the sham and parietal groups,
whereas, C) following “Likely New” cues, parietal and prefrontal groups showed similar cue
utilization which was greater than sham.

Signal detection theory (SDT) measures of performance
We next examined the effects of tDCS using SDT-based measures of performance,
namely discrimination (d’) and response bias (C). A 3 (cue type: neutral, Likely Old, Likely
New) x 3 (stimulation group: sham, parietal, prefrontal) ANOVA revealed a main effect of cue
type on d’ [F(2,138) = 5.212, p< 0.007], but there was no main effect of stimulation group
[F(2,69) = 0.138, p> 0.872], or cue type x stimulation group interaction [F(4,138) = 0.390, p>
0.816; Figure 3.4A]. We then calculated response bias, C, for each cue in each of the three
stimulation groups (Figure 3.4B). A 3 (cue type: neutral, Likely Old, Likely New) x 3
(stimulation group: sham, parietal, prefrontal) ANOVA revealed a main effect of cue type
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[F(2,138) = 28.797, p< 0.001], no main effect of stimulation group [F(2,69) = 0.737, p> 0.482],
and a significant cue type x stimulation group interaction [F(4,138) = 4.340, p< 0.002].
Consistent with the previous analyses, following the presentation of “Likely Old” cues, the
prefrontal stimulation group had a significantly greater bias toward “old” responses compared to
sham and parietal stimulation groups [t(96) = -2.918, p< 0.005]. Similarly, following the
presentation of “Likely New” cues, both active tDCS groups (i.e., prefrontal and parietal groups)
had a significantly greater bias toward “new” responses compared to the sham group [t(96) =
2.285, p< 0.025]. All other contrasts were non-significant. As one would expect, these results
mirror the changes to hits and correct rejections between stimulation groups; the prefrontal group
showed greater biasing by the “Likely Old” cue, and both the parietal and prefrontal group
showed greater biasing by the “Likely New” cue.

	
  
Figure 3.4: Performance using signal detection theory (SDT) measures d’ and C. A) d’
performance following all cues was unchanged between stimulation groups. B) Sham and
parietal groups showed similar bias (C) following “Likely Old” cues, whereas the prefrontal
group showed greater cued bias to call items “old”. In contrast, following “Likely New” cues,
parietal and prefrontal groups showed similar bias to call items “new” whereas the sham group
had unchanged bias. Negative numbers represent a bias to say “old” whereas positive numbers
represent a bias to say “new”.
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Discussion
The current research used tDCS over the parietal cortex during an explicit memory

cueing paradigm (O’Connor, et al., 2010) to examine whether the parietal cortex contributes to
retrieval based on task context, and through decision biasing or attentional orienting processes.
All stimulation groups showed matched recognition performance following neutral cues, which
is inconsistent with the hypothesis that the parietal cortex has a direct role in retrieval. Instead,
the effects of stimulation varied based on the validity cues. The parietal and prefrontal
stimulation groups showed more “new” responses (i.e., increased correct rejections and
decreased hits) following “Likely New” cues compared to the sham group, indicating greater cue
utilization. The pattern of results was slightly different following “Likely Old” cues; the
prefrontal stimulation group, but not the parietal or sham stimulation groups, showed more “old”
responses (i.e., increased hits and decreased correct rejections). Because tDCS over the parietal
cortex led to biased recognition irrespective of cue validity, these results are more consistent
with the decision-biasing model, and not the memory orienting model.
Data from the current study, which suggest that parietal stimulation led to greater bias
and increased cue utilization, are consistent with a decision-biasing model of the parietal cortex,
in which the PPC is involved in establishing decision criteria based on top-down attention to task
relevant mnemonic information (Dobbins, et al., 2010). Earlier evidence for the decisionbiasing model included findings from patients with lateral parietal lesions who, in the same
explicit memory cueing paradigm, were unable to utilize the “Likely New” cues for recognition
judgments. Our data provide converging evidence by showing that altering excitability of the
parietal cortex leads to a change in performance in the presence of the “Likely New” cue in
healthy adults. In accordance with the decision-biasing model, our results provide support for
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the hypothesis that the parietal cortex allocates attention to cues to establish decision biases
toward or away from a memory search.
Our data appear inconsistent with the memory orienting hypothesis because we did not
see differential effects of stimulation based on cue validity. Past fMRI research using the explicit
memory cueing paradigm showed increased parietal activity for invalid cues compared to valid
cues (Jaeger, et al., 2012; O’Connor, et al. 2010). In other words, parietal activity appeared to
track whenever the cue did not validly predict the subsequent recognition probe as “old” or
“new”. Jaeger et al. (2012) posited that activity in the lateral PPC indexes an orienting response,
whereby unexpected memory signals capture attention so as to influence a memory search that
resolves the discrepancy. From this perspective, it might be expected that increasing parietal
activity using tDCS would lead to a greater orienting response, and result in different
performance whenever cues were invalid, that is, when the “Likely Old” cue was followed by a
“new” item or the “Likely New” cue was followed by an “old” item. Instead, the parietal group
showed changes to performance when the “Likely New” cue was valid or invalid, thereby calling
items “new” more often whether the item was actually “new” (valid) or “old” (invalid). A caveat
to our findings is that the temporal resolution of tDCS does not allow manipulation of neural
activity on a trial-by-trial basis, so it is possible that our technique masks these trial-by-trial
effects based on validity. However, because application of tDCS still allows for natural
fluctuations in brain activity, it seems unlikely that this would change our results. Another caveat
is that tDCS has limited focality and different subregions of the PPC have been implicated in
different processes in memory and attention (Ciaramelli et al., 2008; Hutchinson et al., 2012;
Vilberg & Rugg, 2008; Yu et al., 2012). Thus, it remains possible that specific subregions of the
parietal cortex may relate to memory orienting (Jaeger et al., 2013). Future research using TMS
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may be better suited to address these questions because TMS is more focal (Pascual-Leone,
Walsh & Rothwell, 2000) and is shown to target subregions of the PPC (Yazar et al., 2014).
A notable finding is that tDCS over the parietal cortex showed an effect on memory with
“Likely New” and not “Likely Old” cues, but neither the decision-biasing model nor the memory
orienting hypothesis account for these data. In a previous study, patients with parietal lesions
also revealed differences selective to the “Likely New” cue (Dobbins, et al, 2012), suggesting
that the “Likely New” only findings are not spurious. In that study, however, “old” items
outnumbered “new” items at test, and it was therefore, suggested that use of the “Likely Old” cue
was merely obscured since participants did not need to rely on its recommendation. However,
this fails to explain our results because there were equal numbers of “old” and “new” items at
test. Bootstrap simulations of accuracy using the explicit memory cueing paradigm offer another
possible explanation for decreased use of the “Likely Old” cue; when recollection or high
confidence is present, external cues are ignored (Jaeger, Cox, & Dobbins, 2012). If this
explanation is correct, then by extension one would reason that the “Likely Old” cue did not
influence judgments in our study because participants maintained recollection for studied items
and did not need to rely on the recommendation of the “Likely Old” cue. This seems unlikely
because the encoding task used in our study resulted in weak encoding of studied items.
Furthermore, overall performance was nowhere close to ceiling; in the uncued condition the
parietal stimulation group only accurately recognized 58% of studied items, a rate below the
75% validity of the “Likely Old” cue, which seems to contradict the idea that participants
experienced recollection or confidence for studied materials to override the necessity or
usefulness of the external cue. The increased use of the “Likely New” and not “Likely Old” cues
by the parietal group in our data, and previous work in patients with parietal lesions (Dobbins, et
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al., 2012), suggests a special role of the “new” context. This also complements evidence that
judgments of “new” items have been preferentially affected using tDCS over the parietal cortex:
a standard recognition (Pisoni, et al., 2015) or source memory task decreased false alarms
(Pergolizzi & Chua, submitted), and a false memory paradigm increased false alarms (Pergolizzi
& Chua, 2015 ).
A possible reason for why the parietal stimulation group increased use of the “Likely
New” and not “Likely Old” cues, which fits with the decision-biasing model (Dobbins et al.,
2012), relates to the larger context of the experiment as a memory test. During test, the general
context for the participant is to perform a memory search. The “Likely Old” cue mirrors this
context, conveying that the upcoming memoranda were probably studied and that the participant
should search memory. Thus, there are really two contextual cues (i.e., the memory test itself
and the “Likely Old” cue) in the experiment that bias participants to complete a thorough
memory search. The effects of these two cues are not additive, and so there is no additional
biasing with parietal stimulation. In contrast, the “Likely New” cue informs participants that
they may not need to search memory because the item is probably novel. Because the “Likely
New” cue biases behavior in a different manner than the general experimental context, and the
parietal cortex is thought to be involved in adaptive biasing (Dobbins, et al., 2012), there are
effects of parietal stimulation in the “Likely New” condition. This is consistent with the
decision-biasing model (Dobbins et al., 2012), which suggested that bias was reflected in a
memory search either toward or away from familiarity.
Although our primary interest was in the role of the parietal cortex in memory, we did
show that the prefrontal group showed an increase use of both the “Likely Old” and “Likely
New” cues. This was unexpected given that patients with frontal lesions performed similar to
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healthy controls in a study using the same paradigm (Dobbins, et al., 2012). Nevertheless, the
PFC is thought to be broadly involved in the use of retrieval strategies (Gershberg & Shimamura,
1995; Stuss et al., 1994) and cognitive control of memory (Anderson et al., 2004; Badre,
Poldrack, Paré-Blagoev, Insler, & Wagner, 2005; Dobbins et al., 2002; Gabrieli, Poldrack, &
Desmond, 1998; Rugg & Wilding, 2000). In our study, increased use of “Likely Old” and
“Likely New” cues improved memory accuracy above and beyond baseline performance.
Therefore, our results suggest that tDCS over the prefrontal cortex led to increased strategic
control of memory, and this led to enhanced retrieval performance during the cued conditions in
the prefrontal group. An alternative possibility is that tDCS over the prefrontal cortex increased
bias overall, which caused participants to integrate the cues more readily.
It is worth noting that the parietal and prefrontal cortices are thought to form a network,
and are intrinsically connected (Vincent et al., 2008). Thus, stimulating one node of the network
(i.e., the PFC or the PPC) could affect activity through the network. Indeed, planned contrasts
showed tDCS over both the PFC and PPC led to increased use of the “Likely New” cue
compared to sham. However, stimulation to these regions dissociated in the “Likely Old”
condition, suggesting that our effects cannot be attributed solely to network level activation,
although we cannot rule out network level interactions. Furthermore, combined tDCS and fMRI
studies have shown that stimulation to the prefrontal cortex resulted in a selective decrease in
activity in prefrontal, and not parietal cortex (Holland et al., 2011; Meinzer et al., 2012). Thus, it
seems likely that stimulation over the PFC and PPC had differential effects on these respective
brain regions.
Conclusions
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In conclusion, the current study suggests that the posterior parietal cortex plays an
important role in the attentional processes that bias recognition judgments based on validity cues.
Using tDCS over the parietal cortex during the explicit memory cueing paradigm (O’Connor et
al., 2010), we showed that the parietal group was more likely to use cues that predicted items as
“new”, whereas the prefrontal stimulation group was more likely to use cues that predicted items
as “old” or “new”, compared to sham. The selective use of the “Likely New” cue in the parietal
group is consistent with a role of the parietal cortex in adaptively biasing memory search during
recognition. We cannot rule out, however, that results may also reflect enhanced cue
dependency that may not relate to memory decision-making, but relate to how participants
approached the task to improve performance. Importantly, nonetheless, PPC and PFC groups
showed dissociable performance in cue utilization, perhaps based on the PFC role in strategic
control of memory. This data demonstrates that the PPC contributes to decision biasing and not
retrieval per se and contributes to the literature suggesting a role for PPC regions in the adoption
and regulation of memory decision biases.
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General Discussion
The focus of the work in this dissertation has been on elucidating the role of the PPC
during episodic retrieval. This has been accomplished by using tDCS over the PPC during
retrieval tasks that were chosen because fMRI studies showed correlated activity in the PPC

during these tasks. Chapters 1 and 2 verified that tDCS over parietal cortex leads to measurable
changes in false recognition, albeit in different directions based on the task. Chapter 3 provides
an explanation for these discrepancies, and showed increase cue usage with stimulation over the
PPC. Taken together, these findings further our understanding of contributions of the lateral PPC
in memory retrieval.
To better understand the contributions of this dissertation, this overall discussion will
briefly interpret the critical findings and then broaden to implications for tDCS research. The
first section reviews the general mechanisms that can be attributed to the pattern of results from
the current work. The second section addresses assumptions that may limit or alter
understanding of tDCS effects. The next section discusses further research using tDCS in
cognitive neuroscience research. Lastly, clinical implications emerging from the current study
are summarized.
Understanding PPC mnemonic contributions across experimental tasks
Memory researchers have generated several hypotheses regarding the functions of the
PPC in memory retrieval depending on the specific tasks they investigated (Cabeza, Ciaramelli,
Olson, & Moscovitch, 2008; Ciaramelli, Grady, & Moscovitch, 2008; Dobbins, Jaeger, Studer,
& Simons, 2012; Jaeger, Konkel, & Dobbins, 2013; Vilberg & Rugg, 2008; Wagner, Shannon,
Kahn, & Buckner, 2005). The current work attempted to situate findings within these theorized
mechanisms including mnemonic accumulation (Donaldson, Wheeler, & Petersen, 2010; Wagner

Pergolizzi, Denise

120	
  

et al., 2005) (Chapter 1), distinctiveness heuristics (Dodson & Schacter, 2002; Schacter, Israel, &
Racine, 1999) (Chapter 2), and decision biasing (Dobbins et al., 2012) (Chapters 1-3). Given
that the decision biasing model (Dobbins et al., 2012) was used to partly account for the findings
in all three studies, it may be that this general framework best provides the mechanistic
explanation of the PPC.
Although the paradigms used across experiments differed in the types of encoding and
retrieval strategies used, altering PPC excitability altered decision-making aspects of recognition
memory. Correspondingly, Chapter 1 showed greater false alarms suggesting a bias toward
calling items “old”, Chapter 2 showed decreased false alarms and increased d’ with a bias to call
items “new”, suggesting a role in discrimination as well as bias, and Chapter 3 showed decreased
false alarms (discussed as increased correct rejections) and decreased hits in the presence of a
“Likely New” cue, suggesting a bias toward calling items “new” based on external cues. Thus,
across tasks, aspects of decision bias were consistently influenced.
Future work would help to address how the PPC dynamically contributes to bias across
tasks. In particular, one potential future experiment could combine the DRM paradigm used in
Chapter 1 with the explicit cueing paradigm used in Chapter 3, essentially studying thematically
related words, but having predictive cues available at test. If the PPC dynamically contributes to
general bias, it might be expected that the increased false alarms would be observed for neutral
cues, replicating findings from Chapter 1, but decreased false alarms and hits would be found
following “Likely New” cues, replicating findings from Chapter 3. The advantage of this design
is that it controls for how items are studied in the DRM paradigm that elicit false alarms at test
and controls for the influence of the explicit cueing paradigm on response bias.
Other contributions of the current work were the subtle dissociations observed between
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the PPC and the PFC. This is important because the PPC and PFC are concurrently activated for
the old/new effect (Dobbins et al., 2002; Henson et al., 2005; Kahn et al., 2004; Konishi et al.,
2000; Shannon & Buckner, 2004; Wagner et al., 2005; Wheeler & Buckner, 2003), which
implicated shared roles in recognition memory but does not elucidate the unique roles each
region may play. Lesions to lateral PFC support a role in aspects of executive control of
memory, namely the ability to freely recall information or remember the source of previously
learned information (Baldo & Shimamura, 2002), which is comparatively not implicated
following lesions to the PPC (e.g. Berryhill et al., 2007). Neuroimaging studies also show
greater activation in the PFC for source than item recognition, supporting a role of the PFC in
source memory attributions, but PPC activity was measured in this work as well (Dobbins et al.,
2003). Taken together, there is greater converging evidence to have expected PFC activity to
alter performance during source memory tasks, but dissociating the role of the PFC and PPC on
recognition processes was yet to be elucidated. Chapter 2 showed increased d’ for the PPC but
not the PFC group, suggesting a selective role for discrimination and accuracy in the context of
an associative memory task, and Chapter 3 showed the PPC and the PFC groups dissociated on
the use of the “Likely Old” cue suggesting unique roles in processing external information in
service of retrieval judgments. Thus, common and dissociable functions of the PPC and PFC
were causally implicated, which also verifies tDCS can successfully dissociate cognitive
functions of separate regions.
Assumptions of tDCS
Data from this dissertation suggest that when using tDCS over the PPC, it is possible to
modulate memory retrieval. It is, therefore, assumed that the PPC implements certain aspects of
this specific cognitive function. However, this remains an assumption because there was no
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concurrent monitoring of the underlying neural activity when tDCS was applied, and the
mechanisms of tDCS are not well known. In the current section several assumptions of tDCS are
considered. First, although tDCS changes should be concentrated to the region under the
electrodes, broader networks may also be recruited (Boros, Poreisz, Münchau, Paulus, &
Nitsche, 2008; Keeser et al., 2011; Peña-Gómez et al., 2011). Second, the anode and cathode are
largely assumed to enhance or inhibit cortical excitability respectively (Nitsche & Paulus, 2000),
correspondingly enhancing or inhibiting a particular behavior (Jacobson, Koslowsky, & Lavidor,
2012). The bilateral montage used throughout this dissertation makes it difficult to specify
effects to the anode or the cathode thereby restricting conclusions about the mechanisms
underlying results. Third, it is assumed that each subject responds in a consistent manner to
tDCS, but there is evidence that effects may vary across subjects (Berryhill, Wencil, Coslett, &
Olson, 2010; López-Alonso, Cheeran, Río-Rodríguez, & Fernández-Del-Olmo, 2014; Truong,
Magerowski, Blackburn, Bikson, & Alonso-Alonso, 2013; Tseng et al., 2012).
tDCS on network activity. TDCS models provided in this dissertation (e.g. Figure 1.1)
and modeling studies designed to estimate the amount of current that reaches the cortex (Datta et
al., 2009; Kempe, Huang, & Parra, 2014; Truong, Magerowski, Blackburn, Bikson, & AlonsoAlonso, 2013; Wagner et al., 2007) show current flow effects a large region of cortex. There is
also evidence that tDCS current flow may not be spatially restricted to the region of interest, as
one study noted widespread neural activity changes using PET following tDCS (Lang et al.,
2005). However, it has been suggested that this widespread activity may be attributed to
structural or functional connectivity within a network and not stimulation to other areas (Boros et
al., 2008). Specifically, one group examined whether tDCS over the premotor cortex modified
the ipsilateral primary motor cortex via direct cortical connectivity (Boros et al., 2008), given
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that these areas have direct anatomical connections in humans as shown by white matter
tractography used with diffusion tensor imaging (DTI) (Guye et al., 2003). This was compared
with tDCS over the PFC, which does not have direct anatomical connections (Guye et al., 2003),
to verify that connectivity and not broad current flow altered neural activity. Anodal tDCS over
the premotor cortex, but not PFC, enhanced intracortical facilitation of the ipsilateral primary
motor cortex, as measured by TMS, supporting the notion that tDCS produces specific
connectivity-driven changes in cortical areas, but does not spread current to manipulate cortical
excitability at distal regions with no direct anatomical connection (Boros et al., 2008).
In this sense, the results in the present work, although assumed to be specific to the PPC,
may have resulted from changes in a network. Indeed, one study showed that cathodal tDCS
over the right PPC led to decreased fMRI activation in frontal cortex compared to sham tDCS
(Ellison et al., 2014), which was interpreted to suggest these regions necessarily work together to
perform specific tasks. Relatedly, stimulation to the dorsolateral PFC has been shown to
increase functional connectivity measured by fMRI in the default-mode network (Peña-Gómez et
al., 2011) and the frontoparietal network (Keeser et al., 2011) compared to baseline activity and
compared to sham tDCS. TDCS may therefore alter processing within a functional network,
leaving open questions as to whether the behavioral results of the current work relate to the PPC
specifically or the PPC as part of a larger retrieval network. Future work comparing cortical
activations prior to and during tDCS are necessary to elucidate the specific or broad neural basis
of behavioral changes.
Anode excitation/Cathode inhibition model. There is an assumption that tDCS under
the anode enhances cortical excitability and under the cathode inhibits cortical excitability based
on effects on motor evoked potentials (MEPs) measured on the hand (Nitsche & Paulus 2000).
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This has been subsequently supported by studies investigating the effect of tDCS in motor cortex
(Fregni et al., 2006; Furubayashi et al., 2008; Jeffery, Norton, Roy, & Gorassini, 2007; Stagg et
al., 2009) such that anodal stimulation increases and cathodal stimulation decreases MEP
amplitude following stimulation over hand motor cortex (Furubayashi et al., 2008), leg motor
cortex (Jeffery et al., 2007), and over M1 in patients with Parkinson’s disease (Fregni et al.,
2006). tDCS over M1 also led increased fMRI activation in M1 following anodal simulation and
decreased activation following cathodal stimulation (Stagg et al., 2009), validating that motor
excitability changes are reflected in cortical activations.
These changes on cortical excitability are assumed to parallel behavioral changes, such
that increased excitability from the anode should enhance behavior and decreased excitability
from the cathode should worsen behavior (Miniussi, Harris, & Ruzzoli, 2013; Sparing et al.,
2009). In some cases this has been shown (Reinhart & Woodman, 2014; Sparing et al., 2009),
but this may not be the rule ( Boggio et al., 2010; Monti et al., 2008). For example, anodal tDCS
over right PPC increased whereas cathodal tDCS decreased accuracy on a visual discrimination
task (Sparing et al., 2009) and anodal tDCS over medial PFC increased accuracy and event
related potential amplitude whereas cathodal stimulation decreased accuracy and event related
potential amplitude on a target detection task (Reinhart & Woodman, 2014). In contrast, other
studies have found that cathodal tDCS improved accuracy while anodal tDCS showed no effect
on a picture naming task (Monti et al., 2008), anodal and cathodal tDCS both increased risk
taking behaviors (Boggio et al, 2010), and both anodal and cathodal tDCS slowed reaction time
on a working memory task (Marshall, Mölle, Siebner, & Born, 2005). The behavioral data,
therefore, support the idea that excitation or inhibition and behavior are not the same thing and,
therefore, results cannot be held to the assumed anode or cathode effects.
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Correspondingly, we used a bilateral montage with current applied at 2mA, assuming that
we were exciting the left hemisphere while simultaneously inhibiting the right hemisphere
(Chapters 2 and 3). It appears the findings support the idea that tDCS enhanced retrieval, but we
cannot attribute the effect to anodal or cathodal stimulation without direct measurements of
neural effects. In this sense, although the bilateral montage allowed restriction of current flow to
within the parietal cortex rather than allowing current to flow across other cortical regions, it
makes it difficult to know whether anode or cathode, or left or right hemisphere contributed to
effects. Chapter 1 attempted to address this ambiguity by using a second comparison montage
that switched the direction of current and showed equivalent effects on memory. On the one
hand this may be because left and right hemisphere make equivalent contributions to memory,
but there is the possibility that the anode and cathode produced equivalent effect on cortical
activity.
In line with this, contrary to the anodal excitation/cathodal inhibition work (Antal et al.,
2004; Nitsche & Paulus, 2000), tDCS at 2mA over M1 led to anodal excitation and cathodal
excitation on MEPs (Batsikadze et al., 2013). It is not known why this effect was produced, but
it has been speculated that a higher dose could effect neurons differently or spread to larger areas
of the cortex (Batsikadze, et al., 2013). This relates back to the assumptions covered so far in
that it is possible that higher doses may be more likely to affect a network or lead to equivalent
effects for the anode and cathode on behavioral outcomes. A dose of 2 mA was used in the
current work and successfully produced results, but future work comparing the effect of different
doses over the PPC would be helpful to inform tDCS design and interpretation in favor of
enhancement or inhibition and regional or network based effects on memory retrieval as well as
other cognitive processes. Also, combining tDCS with fMRI or ERPs to confirm how the anode
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and cathode interact with neural activity to give rise to behavioral changes is a tantalizing future
direction.
Subject variability. It is assumed that active tDCS specifically facilitated memory
retrieval in a similar fashion across subjects, however, there is evidence that the impact of tDCS
can vary between subjects (Berryhill & Jones, 2012; Truong et al., 2013; Tseng et al., 2012).
First, the effect of tDCS on the underlying brain region is not solely determined by the electrode
montage, but can also vary based on individual variations in anatomy, such as the fat tissue
amount on the head (Truong et al., 2013). Second, behavioral effects are sometimes are only
evidenced in subjects with different cognitive abilities (Berryhill & Jones, 2012; Tseng et al.,
2012), which may be due the ability of tDCS to only facilitate measurable changes when the
state of the cortex is most susceptible to change (Bortoletto, Pellicciari, Rodella, & Miniussi,
2015).
Beginning with subject variability based on anatomy, computational models of current
flow have provided important information abut the effects of tDCS based individual factors
(Datta et al., 2009; Kempe et al., 2014; Truong et al., 2013; Wagner et al., 2007). In general,
computational models calculate the resistance to a given current density for skin, skull,
cerebrospinal fluid (CSF), gray matter, and white matter (Wagner et al., 2007). Thus, the
effective amount of current that reaches the brain is modified by overlying anatomy. As a result
it may be expected that the amount of current delivered to a given brain region can vary
considerably between subjects (Datta et al., 2009). One study addressed this particular issue by
calculating the role of head fat on the distribution of current (Truong et al., 2013), and showed
that the amount of current reaching the brain was shunted with greater amounts of head fat, and
showed highest amounts of current with lowest fat measurements. Thus, the dose of tDCS may
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differ across individuals, possibly mediating the extent of effects. Modeling, therefore, gives an
idea of the focality and depth of penetration for a targeted location specific to individual
anatomy. Without a realistic head model for any individual subject in the current work,
however, we can only assume the current is flowing through the region of interest and that a
certain amount of current is being shunted by the overlying tissue. Due to limited resources it
was not plausible to get an individualized MRI of each subject, and this is probably true for most
tDCS studies.
Another factor that may change tDCS effects are subject variations in cognitive abilities.
One study found that working memory performance was only improved with tDCS in subjects
with more years of education (Berryhill & Jones, 2012) and another study found that subjects
with lower short term memory performance were selectively improved following anodal
stimulation compared to higher performing subjects (Tseng, et al., 2012). Different subjects can,
therefore, have different outcomes. Indeed one study specifically measured inter-subject
variability and found only 45% of subjects showed behavioral changes following anodal tDCS
(López-Alonso et al., 2014). The current work accessed a seemingly homogeneous population of
available undergraduate students, but did not have baseline measures of memory performance
nor a large enough sample size to separately analyze effects based on inter-subject differences,
which may have obscured more significant effects. Although there are practical advantages of
between subject designs, within subject designs may help address some of these concerns.
One explanation as to why cognitive ability can determine the effectiveness of tDCS may
be because tDCS does not directly change neuronal firing, but alters membrane potentials,
making neurons easier to fire (Bikson et al., 2004). In this sense, already active neurons closest
to threshold are more likely to fire (Miniussi et al., 2013), making tDCS effects susceptible to the
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underlying state of the cortex. Emerging findings from tDCS support these ideas where already
active networks are preferentially affected by tDCS (Antal et al., 2007; Fröhlich & McCormick,
2010; Reato et al., 2010; Shahbabaie et al., 2014). In animals, applying direct currents in vivo
showed that only already active neuronal circuits were susceptible to increased firing by
subthreshold stimulation, accelerating network activity of induced gamma oscillations (Reato et
al., 2010) or endogenous slow oscillations (Fröhlich & McCormick, 2010). In humans, the state
of the subject can alter the effect of tDCS on cortical excitability (Antal et al., 2007) and
behavioral outcomes (Shahbabaie et al., 2014). In favor of task-dependent alterations, anodal
stimulation over primary motor cortex decreased whereas cathodal stimulation increased the
amplitude of motor evoked potentials (MEPs) when a subject performed a cognitive task
compared to no task, and both anodal and cathodal stimulation decreased MEP amplitude when a
subject performed a motor task compared to no task (Antal et al., 2007). Behaviorally, anodal
tDCS over the PFC reduced self-reported cravings of abstinent methamphetamine users at rest,
but increased cravings when exposed to methamphetamine cues compared to a sham condition
(Shahbabaie et al., 2014). If the state of the cortex can alter behavior then it is feasible that the
initial activation state of the cortex determined by how trained an individual is in a particular
cognitive function, their level of fatigue, or even motivation may all change the susceptibility of
each subject to tDCS on behavior. But this also means that priming the cortex with well-defined
tasks should work synergistically with stimulation to facilitate specific cortical activity, which is
a benefit for tDCS feasibility in cognitive neuroscience research.
Nevertheless, anticipating that there can be subject variability means carefully screening
for homogeneous populations as was done in the current work and having larger sample sizes to
minimize variability. Statistically, we can address the reliability of effects based on the
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variability from the sample sizes in the current work through bootstrap resampling (see
Appendix). In Chapter 1, given the sample size of 26 per group in Experiment 1, the ability to
detect significantly increased false recognition for critical lures was 0.65, indicating that our
results would reach significance 65% of the time. Given the sample size of 24 per group in
Experiment 2, the overall increased false recognition reached significance 46% of the time for
the left anode/right cathodal group and 53% of the time for the right anode/left cathode group. In
Chapter 2, given the sample size of 18 per group, the significant effect of tDCS over PPC and
PFC compared to sham on decreased false recognition reached significance 42% of the time,
whereas the effect of tDCS over the PPC compared to sham and PFC on decreased false
recognition reached significance 50% of the time. Lastly, in Chapter 3, given the sample size of
24 per group, the significant effect of tDCS over PFC compared to sham and PPC on recognition
performance following “Likely Old” cues reached significance 69% of the time for hits and 41%
of the time for correct rejections. The effect of tDCS over PPC and PFC compared to sham
following “Likely New” cues reached significance 53% of the time for hits and 61% of the time
for correct rejections. Overall, significant effects on recognition performance had a moderate to
strong chance of being detected given our current sample sizes. This is important to inform
future work that tDCS effects are more likely to be detected with sample sizes of 24 or greater to
avoid the risk of obscuring positive findings.
Summary of assumptions. The assumptions of tDCS are largely based on an emerging,
but still incomplete understanding of how tDCS produces effects. Although this limits the
strength of our interpretations, tDCS does appear to have effects on behavior, and is worth
pursuing. TDCS has the potential to be a useful approach for understanding brain function,
including possibilities to better understand network activity, how excitation and inhibition of
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cortical activity translate into behavioral performance, and what underlying neural state activity
can prime the brain for better or more reliable behavioral outcomes. Future research is needed to
clarify these effects.
TDCS as a tool for cognitive neuroscience research
Taken together, the findings in the section above suggest that tDCS can cause changes to
cortical excitability, which produce behavioral effects, thereby giving a causal description of
brain-behavior relationships. The limitations and uncertain mechanisms of its efficacy, however,
allay true benefits of the knowledge gained from its use alone. Furthermore, the effects of tDCS
are assumed to interact with plasticity of the brain, the ability to reorganize neural
communication and function based on internal and external input (Cramer et al., 2011). Whether
this means tDCS facilitates coherent activity or reorganizes neural activity throughout a given
network is not understood. In combination with other techniques, however, possibilities emerge
to both elucidate the effects of tDCS and better understand the neural regions and mechanisms
underlying specific behaviors. The contributions of combined tDCS and fMRI or event-related
potentials (ERPs) are discussed to consider their contribution to cognitive neuroscience research.
tDCS and fMRI. Although tDCS can be used to experimentally manipulate brain
activity to help understand brain-behavior relationships, tDCS alone does not provide
information about the precise neural activity or network properties that are the basis of
behavioral outcomes. On the other hand, fMRI techniques can provide data about the activity of
a set of spatially precise brain regions (Heeger & Ress, 2002), although solely through correlated
activity. Combining these techniques can overcome either limitation by applying the causal
manipulation of tDCS with the spatial precision of fMRI. This offers possibilities for elucidating
the effects of tDCS and for a fuller understanding of brain-behavior relationships. However,
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inducing electric current via tDCS can cause artifacts in fMRI data, and must be accounted for
(e.g. Antal et al. 2014; Halko et al. 2011).
Some studies have helped to characterize the effects tDCS by combining tDCS with
fMRI over the primary motor cortex. Cathodal TDCS at 1 mA applied at rest reduced mean
fMRI activation from baseline in the supplementary motor area, but not primary motor cortex,
suggesting the inhibitory effect of cathodal stimulation can result in decreased neural activity in
adjacent brain regions (Baudewig et al., 2001). Alternatively, anodal tDCS at 1 mA applied
during the execution of a task reduced activation in the supplementary motor area, but not
primary motor cortex, suggesting that “excitatory” anodal stimulation can lead to generally
reduced neural activity in adjacent brain regions (Antal, Polania, Schmidt-Samoa, Dechent, &
Paulus, 2011).
For a true contribution to cognitive neuroscience, the main question, however, is what
changes relate to cognitive functions. Stimulation of the inferior frontal gyrus of the PFC has
successfully produced behavioral changes and activation changes in fMRI that mirror the
patterns seen in motor cortex (Holland et al., 2011; Meinzer et al., 2012). Specifically, anodal
stimulation of the PFC improved behavioral performance on a picture naming task (Holland et
al., 2011) and word generation task (Meinzer et al., 2012), consistent with anodal enhancement,
but showed decreased activation compared to sham in the inferior frontal gyrus. Despite
seeming to be contradictory, the authors attributed the fMRI activation patterns to elucidating the
role of the inferior frontal gyrus in increased cognitive effort (Meinzer et al., 2012), whereby
priming the neural system with anodal tDCS increased the signal from a select population, and
reduced the noise for more efficient processing.
Another approach for understanding network activity and the role of tDCS is to measure
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influences on networks established using fMRI, in particular the default mode network and the
fronto-parietal network (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle & Snyder, 2007;
Vincent, Kahn, Snyder, Raichle, & Buckner, 2008). These networks are seen during “restingstate” scans, whereby a consistent set of brain regions are active during a task while another set
of regions are consistently deactivated during a task (Buckner et al., 2008; Fox et al., 2005;
Raichle & Snyder, 2007). The default mode network includes inferior parietal, medial temporal
and lateral and medial prefrontal cortices (Raichle & Snyder, 2007). The frontoparietal network,
seemingly self-explanatory, includes lateral prefrontal and parietal regions (Vincent et al., 2008).
TDCS over one node of these network may alter the state of throughout the network, efficiently
coordinating activity or possibly, in the case of the paradoxical results form the reviewed studies
above, reduced activity throughout the network. TDCS over the PFC produced large scale
changes in the brain via both default mode and frontoparietal networks (Keeser et al., 2011).
First, there was increased connectivity within the PFC. Second, resting state fMRI, assessed
before and after tDCS, showed increased activations throughout default mode and frontoparietal
networks following stimulation. This suggests that prefrontal tDCS can facilitate activity within
the PFC and across these interconnected networks underlying task execution (Keeser et al.,
2011). The literature supporting the usefulness of combined tDCS and fMRI is limited, one
useful outcome of the research thus far has been in demonstrating the extent of the effects of
tDCS at one scalp location on multiple brain areas.
tDCS and ERP. TDCS produces effects by directly manipulating neural electrical
activity, reasoning that combining tDCS and ERPs would provide a fuller understanding of the
neuronal electrical activity that is consequently altered through tDCS. Various ERPs are
assumed to have neural generators arising from specific cortical regions, but the averaging of
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neural activity at the scalp lacks the precision to assure that a precise region is responsible.
Combing tDCS over a targeted region can elucidate whether the implicated processes are
causally produced by a region and clarify whether the neural activity attributed to the region is in
fact altered. In this sense, both techniques benefit from a better understanding of the neural
processes supported by a given region.
Currently, combined studies are limited. One brain region investigated using combined
tDCS and ERPs was the medial PFC (Reinhart & Woodman, 2014). The medial PFC has been
implicated as a neural generator of the error-related negativity (ERN) and feedback-related
negativity (FRN) (Falkenstein et al., 1990; Gehring et al., 1993, 2012; Miltner et al., 1997),
which are observed after an error has been made (Falkenstein et al., 1990; Gehring et al., 1993)
and after negative feedback (Miltner et al., 1997). After anodal tDCS over the medial PFC, error
rates decreased and the ERN and FRN amplitudes increased compared to sham (Reinhart &
Woodman, 2014). After cathodal tDCS over the medial PFC, error rates increased and the ERN
and FRN amplitudes decreased compared to sham. Furthermore, other ERP components related
to perceptual processing were left unchanged, suggesting a specific effect for tDCS and causally
verifying the medial PFC as a generator for ERN and FRN components (Reinhart & Woodman,
2014).
Summary. Future studies, combining tDCS and fMRI or ERPs, could be helpful for
cognitive neuroscience research. fMRI can index changes in network activity that could be
related to behavioral effects resulting from tDCS. ERPs can index the precise neural
components that correlate with a particular behavior and tDCS can causally confirm that
stimulation to a specific region elicits a particular ERP component, verifying that region as the
neural generator underlying a particular behavior. Future studies combining these techniques
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can make significant contributions to the causal understanding of brain-behavior relationships
based on specific network activity and electrical dynamics.
Clinical implications
Given the affordability and ease of use of tDCS to modify neural activity, a major interest
is in applying tDCS to clinical populations (Rothwell, 2012). It seems therefore worthwhile to
consider the implications for the current work toward clinical research. For one, the current
work successfully modified memory performance. Memory complaints are common in patients
with Alzheimer’s disease (Boggio et al., 2012), aging populations (Duarte, Henson, & Graham,
2008), and cancer patients receiving chemotherapy (Root et al., 2014). Thus, the current work
helps to inform researchers that tDCS can be used to modify behavioral performance on memory
tasks and therefore may be worth looking into to subtly ameliorate memory dysfunction,
particularly at retrieval. Also, the chosen focus on the PPC can inform whether the PPC is a
worthwhile target for modifying memory performance. In particular, the decreased false
recognition evidenced in Chapter 2 on a source memory task evidences a specific task and
cortical target for improving memory accuracy. Alternatively, in other work, bilateral stimulation
of the PPC at 1.0 mA improved performance on a numerical learning task, but impaired
performance on a Stroop task, and the opposite pattern was found during stimulation of the
DLPFC which was taken to suggest that tDCS may facilitate functions in one domain at the cost
of another domain (Iuculano & Cohen Kadosh, 2013). Given the interest in therapeutic uses of
tDCS, it is important to determine whether tDCS can be used as an intervention to improve
cognitive outcomes in clinical populations without simultaneously harming other cognitive
functions. It is also possible that comparing outcomes of tDCS on healthy versus clinical
populations may lead to better understanding of diagnosis. For example, if the healthy
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population only benefits from tDCS over a given region by 5%, but an individual garners
benefits greater benefits than the norm, it may be an indication of under-activity in a given
cortical region, and perhaps diagnostic of dysfunction or pathology. In general, however, tDCS
is expected to improve performance through mechanisms underlying learning, and the
strengthening of neural connections. This may therein accelerate improvements when combined
with a behavioral intervention, such as where 20 minutes of anodal tDCS for 5 days over the
frontal lobe resulted in improvements in naming accuracy among patients with chronic aphasia
following stroke (Baker et al. 2010). In line with the current work, the degree to which tDCS
can benefit or accelerate memory retrieval accuracy is an important future direction.
Conclusions
Our findings suggest that tDCS is an effective tool to understand the contributions of the
PPC to memory retrieval. Progress was made in evidencing causal contributions of the PPC to
recognition judgments, particularly for new items. The precise neural activity and subregions that
may have contributed to these behavioral outcomes are still open questions. This research
therefore provides a starting point for future work to verify what aspects of retrieval the PPC
consistently contributes to and suggests that tDCS can contribute to our knowledge of brainbehavior relationships in the field of cognitive neuroscience, particularly alongside other
techniques and for clinical research.
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Appendix A
Bootstrapping procedure and results from Chapter 1
To test the reliability of tDCS on false recognition for critical lures we performed a
bootstrap resampling procedure in R (R Core Team, 2013). Using the ‘sample’ function, the
mean false alarm rate for critical lures for each subject was randomly resampled with

replacement using the sample from each experiment. This was repeated 1,000 times. For each
iteration, a t-test was performed. We then calculated the proportion of times the p-value from the
t-tests was less than 0.05. For 1000 iterations, chance performance, with p-values equally
distributed between 0 and 1, would yield 50 iterations, or 5% of trials, with p<0.05. For Chapter
1, Experiment 1, the bootstrap resampling procedure using data from 26 subjects per group
yielded a proportion of 0.65, confirming our significant result could be reliably reproduced 65%
of the time. The remaining 35% of iterations showed a range of p-values between 0.05 and 1
(Figure A1).
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Figure A1. Bootstrap resampled results for increased false recognition for critical lures in
Chapter 1-Experiment 1. Histogram shows the number of resamples that yielded a p-value
between 0 and 1 in bins of 0.05. The distribution is skewed toward p<0.05.
Similar to Experiment 1, to test the reliability of tDCS on increased overall false
recognition in Experiment 2 we performed the above outlined bootstrap procedure in R using the
current sample of 24 in each group. For each iteration, a t-test was performed similar to the posthoc t-tests performed to analyze our simple effects. We calculated the proportion of times the pvalue from the t-tests was less than 0.025 (Bonferroni corrected) as was done in Experiment 2,
which yielded a proportion of 0.467 (Figure A2) for the left anode/right cathode group and 0.528
(Figure A3) for the right anode/left cathode group, yielding a moderate probability that
replication would detect a significant result.

Figure A2. Bootstrap resampled results for increased overall false recognition in the left
anode/right cathode group compared to the sham group in Chapter 1-Experiment 2. The original
analysis performed post-hoc t-tests and therefore corrected for multiple comparisons with a
significant p-value of 0.025. The histogram shows the number of resamples that yielded a pvalue between 0 and 1 in bins of 0.025. The distribution is skewed toward p<0.025.
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Figure A3. Bootstrap resampled results for increased overall false recognition in the right
anode/left cathode group compared to the sham group in Chapter 1-Experiment 2. The histogram
shows the number of resamples that yielded a p-value between 0 and 1 in bins of 0.025. The
distribution is skewed toward p<0.025.
Bootstrapping procedure and results from Chapter 2
The bootstrapping procedure was performed to confirm the reliability of effects of tDCS
based on our significant planned contrasts used in Chapter 2. To test the reliability of tDCS over
the PPC and the PFC compared to sham on decreased false recognition, we resampled with
replacement using the current sample of 18 participants per group. For each iteration, a t-test was
performed with the PPC and the PFC groups as a combined sample and compared to sham. We
then calculated the proportion of times the p-value from the t-tests was less than 0.05, which
yielded a proportion of 0.464 (Figure A4).
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Figure A4. Bootstrap resampled results for decreased false recognition in the PPC and PFC tDCS
groups compared to sham found in Chapter 2. Histogram shows the number of resamples that
yielded a p-value between 0 and 1. The distribution is skewed toward p<0.05.
To test the reliability of tDCS over the PPC on decreased false recognition compared to
sham and PFC the above outlined method was repeated with the exception that for each iteration,
a t-test was performed with the sham and the PFC groups as a combined sample and compared to
PPC. The proportion of times the p-value from the t-tests was less than 0.05 was 0.52 (Figure
A5).

140	
  

Pergolizzi, Denise

Figure A5. Bootstrap resampled results for decreased false recognition in the PPC tDCS group
compared to sham and the PFC groups found in Chapter 2. Histogram shows the number of
resamples that yielded a p-value between 0 and 1. The distribution is skewed toward p<0.05.
Bootstrapping procedure and results from Chapter 3
The bootstrapping procedure was performed to confirm the reliability of effects of tDCS
based on our significant planned contrasts used in Chapter 3. To test the reliability of tDCS over
the PFC compared to the sham and PPC group on increased hits and decreased correct rejections
following the “Likely Old” cue, we resampled with replacement using the current sample of 24
per group. For each iteration, a t-test was performed with the sham and PPC groups as a
combined sample and compared to the PFC. We then calculated the proportion of times the pvalue from the t-tests was less than 0.05, which yielded a proportion of 0.69 for hits and 0.413
for correct rejections.

Pergolizzi, Denise

141	
  

Figure A6. Bootstrap resampled results for increased hits following “Likely Old” cues for the
PFC group compared to the PPC and sham groups in Chapter 3. Histogram shows the number of
resamples that yielded a p-value between 0 and 1. The distribution is skewed toward p<0.05.

Figure A7. Bootstrap resampled results for decreased correct rejections following “Likely Old”
cues for the PFC group compared to the PPC and sham groups in Chapter 3. Histogram shows
the number of resamples that yielded a p-value between 0 and 1. The distribution is skewed
toward p<0.05.
Next we performed the bootstrap procedure to confirm the reliability of tDCS over PPC
and PFC compared to sham on decreased hits and increased correct rejections following the
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“Likely New” cue. The procedure was identical to above with the exception that, for each
iteration, a t-test was performed with the PPC and PFC groups as a combined sample and
compared to the sham group. The calculated proportion of times the results exceeded p<0.05
was 0.533 for hits and 0.61 for correct rejections.

Figure A8. Bootstrap resampled results for decreased hits following “Likely New” cues for the
PPC and the PFC tDCS groups compared to sham in Chapter 3. Histogram shows the number of
resamples that yielded a p-value between 0 and 1. The distribution is skewed toward p<0.05.
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Figure A9. Bootstrap resampled results for increased correct rejections following “Likely New”
cues for the PPC and the PFC tDCS groups compared to sham in Chapter 3. Histogram shows
the number of resamples that yielded a p-value between 0 and 1. The distribution is skewed
toward p<0.05.
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